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ABSTRACT 
Aortic homograft valves are the preferred choice of replacement valve in aortic valve 
replacement procedures. The major drawback to their use is their availability. This 
project addressed two of the methods by which availability can be increased by 
assessing mechanical properties of the valves. Most pre-operative methods that assess 
homograft valve post-operative functional ability use biochemical or histological 
protocols. Rarely is their mechanical ability to sustain the pressure across them tested. 
Uniaxial tensile tests were performed on radial and circumferential leaflet sections from 
human and porcine aortic and pulmonary valves. The pulmonary valve has very similar 
anatomy to the aortic valve, although it is thinner and there is less pressure across it in 
vivo. When a patients own pulmonary valve is used to replace their aortic (their 
pulmonary valve is replaced with an aortic homograft), good post-operative results are 
achieved. The aim of this study was to see if pulmonary homografts would be able to 
sustain aortic pressures. It is concluded that pulmonary leaflet specimens have 
comparable mechanical characteristics to aortic and should therefore be suitable for 
aortic valve replacement. This would double the number of valves available for 
surgeons to use during valve replacements. 
Porcine aortic specimens were found to be stiffer and fail at higher stresses than the 
other valve types. The results from the porcine pulmonary specimen properties 
indicated that bioprosthetic valve manufacturers can consider their use in bioprosthetic 
valve manufacture as they are more than able to cope with human aortic valve 
pressures. 
Some storage methods have been assigned short duration or `sell-by' dates, with no 
evidence that the mechanical integrity of the tissues has been significantly 
compromised. Currently retrospective studies are used to assess whether the treatments 
are detrimental to the tissues; the post-operative durability being taken as the indicator! 
If the storage times can be extended then the number of valves available to surgeons 
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would increase. Four treatments of valves used for storage were tested over three 
months and their effect on leaflet specimen tensile properties determined. 
Glutaraldehyde had a significant effect on the tensile properties of the specimens and 
this suggests that alternative methods should be used to treat bioprosthetic valves, 
which are fixed in it. Treatment with antibiotics produced losses in stiffness of the 
tissues at three months, but these were within physiological limits. Therefore valves 
stored in this manner can be stored as long as three months at least with no effect on 
valve function in vivo. Cryopreservation with glycerol over three months produced less 
changes in specimen properties which again should not affect valve function in vivo. 
Cryopreservation with dimethyl sulphoxide (DMSO) caused the least difference in 
specimen properties compared to fresh tissues. It is therefore recommended as the first 
choice in valve treatments for storage. 
It is suggested that all new valve storage treatments be assessed for their mechanical 
effects on the tissues routinely. Preliminary work on a non-destructive intact valve test 
device using polarised light is introduced. This has potential for use in pre-operative 
assessment of valve mechanical integrity. 
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CHAPTER 1 
CHAPTER 1: 
INTRODUCTION 
This thesis examines the mechanical properties of two natural heart valves; the aortic 
and pulmonary valves. These two valves can be used in replacement surgery, where 
they are called homografts or allografts. The aim of the study has been to investigate 
the effect of common clinical storage methods on aortic valve mechanical properties in 
particular. Human valves were used when available, however, the main supply of valves 
has been taken from pigs (i. e. porcine valves). 
The work was to aid in the establishment of a scientific basis for natural valve storage. 
This has implications in the availability of these valves for use in replacement surgery, 
and provides information which could contribute towards answering questions 
concerning long-term donor valve viability (see later for definitions). 
My history of involvement in the Group's valve work has meant that my investigations 
have covered a wider field than storage methods alone. They have involved much 
preliminary experimentation in, setting up of natural valve test protocols, the 
formulation of design briefs and the commissioning of equipment. Much of this 
equipment continues to be developed within the Group. Where relevant to the central 
theme this work is also discussed. 
1.1. BACKGROUND HISTORY TO THE WORK AT SURREY 
The Group's heart valve tissue studies, of which this PhD forms a central part, arose 
from an approach by Mr. Robert Parker, Head of the Homograft Department at the 
Royal Brompton Hospital (RBH). His concern was that a number of storage regimes 
for natural heart valves were available, but that there was no reliable quantitative data 
on any regime's effect on the valves. Choice of storage regime was subjective; for 
example, one recently introduced method was proving unpopular with surgeons 
because of the colour it gave to the valves! He suggested use of an apparatus and 
method due to Mundth et al. (1971). As this apparatus was no longer available, I was 
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given the MSc project task of investigating the storage problem and deciding whether 
rebuilding Mundth's apparatus was the best course to follow (Mohammad 1989). 
An extensive examination of the literature and various contacts revealed that there was 
no group in Europe examining the mechanical properties of natural valves. Groups in 
Leeds, Stoke, Strathclyde and Sheffield were interested in the design, mechanical 
testing and fluid dynamics of artificial valves. 
In view of a continued, indeed increasing use of homografts in valve replacement 
surgery, it was thought that the mechanical/storage problem was worthy of more 
detailed investigation and I started as a SERC funded research student in 1990. At the 
end of that year, the Biomedical Engineering Group and Homograft Department at the 
RBH, obtained a British Heart Foundation Grant and I became the Research Assistant 
working specifically on this problem. 
1.2. FORMAT OF THIS DISSERTATION 
To clarify a complex field, yet allow rapid access to the main body of experimental 
work, there are two further short introductory chapters. The first concerns the heart, 
the normal and pathological function (dysfunction) of its valves, the treatment of valve 
dysfunction and finally the valve fine structure. The second provides a brief guide to the 
mechanical properties of and tests on biological material, from which the criteria for 
tests used in the study were determined. It includes a review of previous tests on 
natural heart valves. These chapters, it is hoped will give sufficient information for an 
understanding of the subsequent method, results and discussion chapters. 
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CHAPTER 2 
CHAPTER 2: 
VALVE REPLACEMENT AND HOMOGRAFTS 
2.1. INTRODUCTION 
The human heart is a pump which maintains the flow of blood around the body. It is 
found in the thoracic cavity as a single organ but functionally and anatomically it can be 
divided into right and left sides. The right side pumps blood to the lungs for 
oxygenation, it maintains what is called the pulmonary circulation; whilst the left half 
pumps blood to the rest of the body, maintaining the systemic circulation (see figure 
1). 
Oxygenated Deoxygenated 
Blood Blood 
Figure 1: A schematic diagram of the heart, indicating the direction of blood floe. 
Each side of the heart consists of an upper atrium, and a lower more muscular 
pumping chamber or ventricle. Valves ensure that blood flows in one direction through 
the heart. This is from right atrium to right ventricle, then through the pulmonary 
circulation, back to the left atrium, from there to the left ventricle from whence it enters 
the systemic circulation. There are four heart valves, two atrioventricular valves, the 
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mitral and tricuspid valves; and two arterioventricular valves, the pulmonary and 
aortic valves (see figure 1). 
The passage of blood through the heart is by convention described in terms of a 
cardiac cycle. This cycle itself is described most easily by examining the filling and 
emptying of a ventricle, a process which occurs on both left and right sides of the heart 
simultaneously. The filling stage is referred to as diastole, whilst the contractile 
emptying process is known as systole. A successful cardiac cycle depends on discrete 
controlled variations in chamber pressures, which rely on the proper function of the 
valves (figure 2). 
2.2. THE VALVES OF THE HEART 
The valves of the heart are each composed of leaflets which act as doors to open and 
close the valve orifice. The mitral valve has two leaflets, whilst the other valves each 
have three leaflets. All four valves are linked together by a fibrous 'ring' which forms a 
supporting structure that maintains their orifice shape (figure 3). 
The leaflets of the atrioventricular valves, are anchored at their free-edges by 
projections known as chordae tendineae which are attached to the muscle of the 
corresponding ventricle - this complexity of structure makes designs for replacements of 
these valves difficult. 
The aortic and pulmonary valves are nearly identical except that: - in the aortic valve, the 
coronary arteries originate from the sinuses behind two of the leaflets (Gross and 
Kugal 1931). The leaflet from behind which no artery emerges, is named the non- 
coronary leaflet, whilst the other two are named after the respective coronary artery 
emerging behind them, i. e. left or right coronary leaflet. In the pulmonary valve there 
are no coronary arteries originating from its sinuses and a different system of leaflet 
nomenclature must be used (see chapter 4). By making silicone moulds of valves at 
different pressures the geometry of closed leaflets has been shown to form a cylindrical 
shape, (Mercer et al. 1973, Karara 1974, Swanson and Clark 1974, Cataloglu et al. 
1977). The seam, along which the leaflets merge with the artery wall and sinus is known 
as the commissure. The fibrous 'ring' follows the path of the commissures forming a 
'coronet' shape (Thubrikar et al. 1986 and see figure 3). 
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PRESSURE 
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Figure 2: The cardiac cycle (Re-drawn from a standard student text (Williams 1989); 
indicating when the pulmonary and aortic valves open and close. 
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Coronary 
artery 
(f) Free-edge 
Lunule 
Cb) Coaption surface 
Anterior mitral leaflet 
Commissure/ 
Fibrous ring 
Ventricular 
muscle 
R= Radial direction 
C= Circumferential direction 
Figure 3: Valve anatomy: Above diagram of an aortic valve, below picture of a human 
aortic valve. 
The leaflet has three regions (from figure 3); 
a) A load bearing region or bell. 
b) A coaption surface, the area between the belly and the free-edge which touches the 
other two leaflets when the valve is closed. 
c) A free-edge 
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Just below the free-edge are two crescent shaped regions of thinner tissue called 
lunules. These converge in the centre of the free-edge of the leaflet to a thickened 
region which is known as the Nodulus of Arantii in the aortic valve, and Nodulus of 
Morgagni in the pulmonary valve. Often, in leaflets of both valves, between the lunules 
and free-edge, holes or fenestrations are present (McMillan and Lev 1963). Ordinarily 
these do not seem to impair the functioning of the valve, but it has been suggested that 
they may alter the flow through the valve so that it no longer functions properly 
(personal communication, Mr. Parker, RBH). The artery wall behind the aortic valve is 
distended, producing pouches known as Sinuses of Valsalva. These are believed to aid 
in valve closing. Valves which, for whatever reason, do not function properly, are called 
incompetent. 
Sands (1969) found 71% of human non-coronary and 48% of left coronary leaflets 
were continuous with the anterior mitral leaflet (figure 3). In porcine leaflets, the 
respective continuity with the mitral leaflet was 42% and 68%. Overall there is little 
difference in the structural organisation of aortic and pulmonary valves for human$and 
pigs (Clark and Finke 1974). There are slight differences between porcine and human 
valve dimensions with pressure, but these could be due to slightly different sinus 
configurations (Swanson and Clark 1974Xtable 1). With age, atheroma and 
calcification increase in human valves, although this is less marked in the pulmonary 
valve (McMillan and Lev 1963). 
Valve type Leaflet thickness 
mm 
Pressure across valve - 
diastole/ stole (mmHg) 
Human Aortic* 0.175 -1.5 100/0 
Human Pulmona As above 10/0 
Porcine Aortict 0.7 +/- 0.1 160/100 
Table 1: Average thicknesses and pressures across, human and porcine, aortic and 
pulmonary valves (# Sands et al. 1969, * Clark and Finke 1974, t Pond and Houpt 
1978). 
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2.3. THE DYSFUNCTIONS OF HEART VAI., VES AND THEIR TREATMENT 
Dysfunction of valves may show as a constitutional abnormality in the patient. for 
example excessive fatigue and exercise intolerance due to pulmonary insufficiency, or it 
may manifest itself as a change in heart sound (figure 2 above). Valves may become 
stenotic and or regurgitant (figure 4). In these cases, the normal function of the heart is 
compromised as the valves become incompetent. Details of valve replacement 
management can be found in Frankl (1985). 
Leaflet edges stuck together L 
Blood leaking backwards 
Figure 4: Stenotic (1) / regurgitant (II) valves; a) closed, b) open (Ross and Hyams 
1981) 
Valves can be dysfunctional because of congenital or acquired reasons. In some 
instances of acquired dysfunction, medical therapy is sufficient to produce adequate 
cardiac function. When a valve's function is severely compromised however, it must be 
replaced surgically. 
Some of the most common congenital and acquired valve defects are listed in table 2. 
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Congenital defects Ac uired defects 
" Tetralogy of Fallot (multiple " Infections - Rheumatic fever 
cardiac defects) " Infective endocarditis 
" Pulmonary atresia (narrowed " Calcification 
pulmonary artery) 
" Absent pulmonary valve syndrome " Leaflet degeneration 
" Congenital aortic valve disease 
Table 2: Congenital and acquired valve defects requiring valve replacements. 
2.4. THE TYPES OF REPLACEMENT VALVE 
The greater part of this section will concentrate on homograft valves as they are the 
main subject of this dissertation; however, mention of the other replacement valve types 
is needed to show the role of homografts on the general surgical scene. 
Definitions for the different types of valve replacements were agreed at a heart valve 
conference held in Munich in 1979 (reported in Yankah et al. 1987). There are three 
types of replacement valve: - 
1. Mechanical valves - which are made entirely from artificial materials. 
2. Bioprosthetic valves - which are made from a combination of artificial materials and 
chemically fixed animal tissues (e. g. porcine aortic valves or bovine pericardium) 
3. Homograft valves - which are donor human valves. 
Homograft valves are often referred to as allograft valves, but strictly speaking, the 
term allograft should be reserved to only those valves that are processed in treatments 
that enable retention of 'viable' cells. In this and the following chapters, the term 
homograft is normally used and allograft is used only in its strictest sense. 
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From the 1960's, types of valve replacement followed different development paths: - 
Mechanical valves underwent modifications in design to improve their durability and 
flow pattern (Hopkins 1989). Early mechanical valves were designed with a ball and 
cage mechanism, while later designs used single or double leaflet discs (Bjork 1985). 
With homograft valves, trials to enable prolonged storage and sterility were undertaken 
using different chemical sterilisation and freeze drying preservation methods. Many of 
these methods proved unsuccessful however, resulting in a diminished post-operative 
survival. As a result, homograft replacement went out of fashion in all but a few centres 
(Ross et al. 1979). During this period, bioprosthetic valves were introduced and widely 
used in place of homografts. 
In 1970 however, antibiotic sterilisation of homografts was introduced. This, coupled 
with better cryopreservation methods, resulted in an increase in the use of homograft 
valve replacements. Antibiotic sterilised homografts stored by cryopreservation have 
been shown to have increased post-operative durability (O'Brien et al. 1991). 
Meanwhile, bioprostheses have diminished in popularity as problems with their durability 
have been encountered (Schoen 1991). Further accounts of the history of homograft 
valve usage and preservation methods can be found in, Stelzer and Elkins (1989) and 
Bodnar and Ross (1991). 
Mechanical valves are currently the most commonly used valve replacement, due to their 
availability, ease of insertion, and 'predictable' performance. However, they can induce 
thrombus formation, even when the patient is receiving anticoagulant therapy, and this 
can result in sudden death. It is ironic that in such cases, the valve itself may still be 
functioning perfectly. Bioprosthetic valves have the shortest durability of the three valve 
types; they tend to degenerate within the recipient. Homograft valves incur the lowest 
number of cases of patient thromboembolism, endocarditis or calcification, when 
compared to mechanical or bioprosthetic valves. This coupled with the superior 
hydraulic performance and durability of aortic homografts has led to the acceptance of 
their superiority in aortic valve replacements (AVRep) (Yacoub and Kittle 1970, Ross 
et al. 1979). 
Prolonged surgery time, when compared to mechanical and bioprosthetic valve 
insertion, and a lack of access to valve banks by hospitals, have limited homograft valve 
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usage. The main drawback to their use however, is the number of donors (personal 
communication, Mr. R. Parker, RBH). 
Table 3 indicates some of the advantages and disadvantages of the different replacement 
valves. Ultimately the choice of replacement valve used lies with the surgeon. Their 
decisions are based on factors such as disease state, age, the general prognosis of the 
patient, and personal preference; which is often subjective. 
Honogr 
Wastage ofnvalves has been reduced considerably with modem harvesting techniques, 
but the increase in valve numbers that this produces has been nullified to a certain extent 
by the fact that donor selection criteria have been made more rigorous. At the RBH 
about 85% of harvested valves are used; infection and dissection damage are the main 
causes of discard. Interestingly, only I in 8 of pig valves harvested are used in 
bioprosthetic manufacture; there is a much greater wastage here (personal 
communication, Mr. It Parker). 
Homografts fail predominantly due to tearing, which is termed primary tissue failure 
(see table 3). This occurs usually in the commissural regions and near the free-edges. 
This was described for bioprostheses by Ross et al. (1979) and Ishihara et al. (1981). 
The stiffening and wear in bioprosthetic leaflets are thought to be due to either 
chemical reactions, surgical or post operative damage. I believe mechanical failure of 
homograft valves could be due to :- 
1. Existing mechanical damage. 
When the donor valve is received torn or damaged and inserted in that condition. 
2. Pre-operative storage regime 
Chemical action by storage solutions effecting the strength of the tissue. 
3. Biological. 
The presence of living or `viable' cells causing immune responses which lead to 
mechanical failure. 
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Valve type Advantage Disadvantap 
Mechanical 
Bioprosthetic 
Homograft 
" Long-term durability (- 15 
years) # 
" Consistent manufactures 
" Relatively simple surgical 
insertion techniques 
" Nearer natural structure of 
valvestt 
" Less anticoagulant therapy$t 
" Long-term durability (- 15 
years) $#* 
" Same material and structure as 
valve replacing$# 
" Unimpeded central flow$#* 
" Immunological privilege $# 
" No anticoagulant therapy#* 
" Non-catastrophic failure# 
" Replacement can be planned# 
" Low incidence of 
endocarditis* 
" Sudden Failure# 
" Unnatural blood flow$# 
" Thromboembolism$# 
" Anticoagulant therapyl # 
" Calcification# 
" Endocarditis$ 
" Mechanical failure (e. g. 
wear, fatigue) $# 
" Primary tissue failure $#t 
" Shorter durably (8-10 
years) $#t 
" Sudden failuret 
" Thromboembolism t# 
" Calcification$#t 
" Endocarditis$#t 
" Mechanical failurett 
" Manufacture complicatedt 
Excessive tissue ingrowth$#tl 
" Availability$ 
" Surgical insertion 
complicated# 
" Longer insertion time # 
" Primary tissue failure (tear) # 
" Some incidence of 
calcification (not as 
common) # 
" Excessive tissue ingrowth # 
Table 3: Relative advantages and disadvantages of mechanical, bioprosthetic and 
homograft replacement valves. Refs: (# Ross et al. 1979, : Stelzer and Elkins 1989, 
'Schoen 1991, *Crescenzo et al. 1993) 
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2.4.1 Clinical situations where homografts are used 
Aortic homografts are most commonly used for; aortic valve replacement (AVRep), left 
ventricular outflow tract reconstructions, in patients with greater than 10 years life 
expectancy (children, young active adults and women of childbearing age) or patients 
for whom anticoagulant therapy is undesirable. Aortic homografts are used also, for 
cases of aortic root replacement, aortoventriculoplasty, right ventricular outflow tract 
reconstruction (RVOT) small aortic annulus, bacterial endocarditis, in re-operation for 
failed prostheses, in cases of accelerated degeneration or calcification of porcine 
bioprostheses, and finally to correct valves effected by connective tissue disorders 
(Hopkins 1989, McNally and Brockbank 1992, personal communication Mr. R. Parker). 
Hopkins (1989) gives details of surgical techniques. 
Pulmonary homografts are used in RVOT cases (Kay et al. 1986), but are now more 
commonly used to replace the native pulmonary valve in autograft operations (personal 
communication, Mr. R Parker). In the classic pulmonary autograft procedure, a patients 
own pulmonary valve is used to replace their aortic valve and an aortic homograft valve 
replaces the pulmonary valve (Ross 1967, Bodnar et al. 1980, Robles et al. 1985). It can 
be seen that this is in effect the use of a pulmonary valve in the aortic position and the 
converse. 
2.4.2 Homoeraft valve banking 
Uncertain availability of grafts has led to cardiac centres establishing homograft valve 
banks. Here valves are procured, processed, stored and distributed. The post-operative 
durability and 'viability' of homograft valves, obtained and processed by different 
methods, has provided the basis for guidelines established for valve banking- reviewed 
by Lange (Hopkins 1989) '. 
2.4.3 Donor criteria and valve preparation: 
Once permission for removal has been granted, different centres follow different donor 
selection criteria. The following are those applied at the RBH: - 
1. Collection within 48 hours of death. 
2. Donor age between 6 months and 60 years2. 
I Not all valve banks use identical procedures, e. g. antibiotic regimes differ. 
2The age range of accepted donor age varies in different centres. 
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3. Valves can be taken from any patient except those with serum hepatitis, tuberculosis, 
venereal disease, septicaemia, HIV positive or primary carcinoma of the heart (Ross 
et al. 1979). 
4. Minimal calcification and atheroma deposits and fenestrations of the leaflets. 
Conditions for valve processing include: - 
1. Dissection under sterile conditions. 
2. Tissue kept moist at all times with physiological solution. 
3. Valve orifice and length measured with obturator. 
4. Valve structure macroscopically assessed for mechanical damage, deposits of 
atheroma or calcium and fenestrations. 
5. Sterilisation (usually with an antibiotic cocktail, containing a fungicide). 
6. Tests for microbial and fungal contamination at each stage (preparation and 
storage). 
7. Storage (usually, cryopreserved with 10% dimethyl sulphoxide (DMSO) or 
occasionally glycerol, then sealed in foil packets and kept in liquid nitrogen vapour). 
8. Transport to surgeons in solid carbon dioxide packed containers. 
If the two coronary leaflets have excessive deposits of calcium or atheroma, or 
fenestrations, the non-coronary cusp may be retrieved as a monocusp (to be used in 
ventricular outflow tract repair). If the leaflets are all unsuitable, artery tissue may be 
removed as conduits for arterial repair. These tissues undergo exactly the same 
preparative procedures as homograft valves. 
2.5. THE FINE STRUCTURE OF AORTIC AND PULMONARY VALVES 
Aortic and pulmonary valves are reported to have very similar fine structure (Gerosa et 
al 1994). Their leaflets are suspended from the surrounding arterial wall and are held in 
position by the fibrous annulus. The upper and lower surfaces of the leaflets are 
covered with endothelial cells, which are thin and poorly defined on the lower surface 
and prominent and multi-layered on the upper surface (Ferrans et al. 1978). The 
endothelial layers act to contain the inner leaflet matrix, which is composed of the 
fibres collagen and elastin (Broom 1978b), embedded in a ground substance of water 
and mucopolysaccharides. The proportions and chemical stability of matrix 
constituents vary with age being more labile during growth (Little 1970). Most authors 
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separate leaflet structure into three regions, namely, the fibrosa (aortic surface), 
spongiosa (central region) and the ventricularis (ventricular surface) (Zimmerman 
1969, Clark and Finke 1974, Aparicio et al. 1975). (SE FicopE 5j. 
The fibrosa extends from the sinus wall, and forms two thirds of the thickness of aortic 
leaflets. The fibrosa is less thick in pulmonary leaflets (McMillan and Lev 1963, Broom 
1978b, Ferrans et al. 1978, Thubrikar et al. 1986, Christie 1992, Vesely and 
Noseworthy 1992, Gerosa et al. 1994). The surface of the fibrosa is ridged, due to 
interwoven layers of large circumferentially orientated collagen bundles arranged within 
its matrix (see figure 7a). These collagen bundles insert at the commissures straight into 
the coronet. The smaller collagen and elastin fibres in the fibrosa inter-digitate with the 
alternating elastic and muscular layers of the sinus wall (Thubrikar 1990, Christie 
1992). The presence of the large collagen bundles results in the fibrosa conferring the 
greatest tensional strength to the leaflets. 
Between the endothelium and collagenous layer lies a single layer of randomly 
orientated elastin fibres (Sauren 1981), which may have a role in maintaining leaflet 
geometry during opening and closing. Lying alongr. de the fibres, in all layers of the 
leaflet, are fibroblast cells. These are involved in the production, repair and 
maintenance of the constituents of the leaflets. 
The spongiosa below the fibrosa, predominantly contains ground substance, with a few 
short and thin collagen and elastin fibres of no specific orientation (Broom 1978b, 
Ferrans et al. 1978). It extends from the free-edge to the sinus wall attachment and is at 
its thickest in these regions. The large fluid content of this layer is believed to have a 
shock absorption role in leaflet mechanics (Thubrikar 1990). Fibroblasts in the 
spongiosa mainly reside on the boundary with the other layers (Ferrans et al. 1978). 
The ventricularis contains an open network of elastin fibres but has fewer collagen 
fibres than the fibrosa (Broom 1978b, Ferrans et al. 1978, Christie 1992). The collagen 
fibres he in all directions, but have preferred orientations at particular sites across the (FIQ»QE 7b) 
leaflet surface (Wiseman 1993). The ventricularis attaches to the ventricular outflow 
tract and has a smooth surface, reflecting the need for smooth blood flow over it when 
the valve is open (Little 1970, Thubrikar 1990). In porcine aortic leaflets it has a 
thickness of roughly 0.17mm (Vesely and Noseworthy 1992), thinning towards the 
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free-edge where the elastin fibres lie in parallel^The predominantly collagenous nodule 
originates in this layer at the coaption level (McMillan and Lev 1963, Broom 1978b, 
and see figures 5,6 and 7) 
O 130 CM- 
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Figure 5: Cross-sertio"l of aortic leaflets from free-edge to sinus. 1) fibrosa, 2) 
spongiosa, 3) ventricularis, 4) myocardium, 5) fibrous ring, from (Taken from 
Wiseman 1993). [Magnification x7) 
Thickest regions 
Figure 6: Leaflet thickness variation. - Summarised from (Cataloglu et al. 1976, 
Wiseman 1993). 
The architectural web of the constituents within the leaflet, is complicated (Mannschott 
et al. 1976, Collins et al. 1977) and the simple structure commonly referred to in 
general texts, may result in an over simplification of the relative mechanical 
contribution of the leaflet layers. 
yý i 
ti 'ý, 
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a) b) 
Figure 7: Collagen distribution in leaflets. (a) fibrosa, (b) ventricularis - Summarised 
from (Wiseman 1993). The bars indicate the direction and density of the fibres in that 
region of the leaflet. 
The sinus and artery wall from which the leaflets are suspended, consist of the same 
constituents as the leaflets, but they have smooth muscle also. That is, they have an 
active component. The fibrous 'ring' or 'coronet', follows the line of the leaflets' 
attachment to the wall, converging in the commissures to form three prongs composed 
of collagen. Along the commissures between each leaflet, is a bulk of ventricular 
muscle, which diminishes as the top of the commissure is reached and has a role in the Cgvre 3ý 
opening and closing of the valves AThe upper regions of the sinuses are composed 
mainly of elastin and muscle, whilst nearer the base of the leaflets, collagen is present. 
The former constituents allow controlled expansion of the sinuses during diastole, 
whilst the collagen provides a stiff base. Along its base, the three layers of the leaflet 
are distinct, the spo giosa being particularly pronounced (Brewer et al. 1976, 
Thubrikar et al. 1986{). 
'Ne 
coronet ensures that the leaflets are taut and do not n 
prolapse when the valve is closed, whilst the muscle contracts during closure ensuring 
the leaflets co-apt. 
Several authors indicate that a host epithelial sheath, the intimal sheath, grows to cover 
the leaflets and graft walls of implanted homografts (Gavin et al. 1973, Jonas et al. 
1988). The sheath may act as a barrier between the donor tissue and host environment, 
by minimising immune reactions should any of the donor cells still be 'viable'. This 
confers the immunological privilege observed with homografts. (Eable. 3) 
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2.5.1 Collagen 
Collagen is a crystalline fibrous protein abundant in mammalian structural tissues. 
Several excellent reviews are available relating its composition, structure, biochemical 
and mechanical properties (Wainwright et al. 1976, Viidik and Vuust 1980, Vincent 
1982, Nimni 1988a, Kucharz 1992). Collagen is produced and released by fibroblasts 
within the tissue and its production and replacement is therefore dependent on a viable 
cell population in the matrix (Imamura et al. 1989). The intracellular synthetic process 
is complicated, its catabolic pathway being modulated by the enzyme collagenase 
(Nimni 1988a). If cells are damaged collagenase is released, resulting in collagen 
breakdown (Hopkins 1989). 
The collagen molecule (ribril) is composed of three alpha-helical polypeptide chains 
wound into a right-handed triple helix. The most abundant amino acids in the chains are 
glycine, proline and hydroxyproline. Hydroxyproline assays are used to determine the 
presence of collagen within tissues. Variations in amino acid composition has enabled 
the identification of 13 distinct collagen types. Types I, 111, and V have been identified 
in artereoventricular valves (Mannschott et al. 1976, Renteria and Ferrans 1976, Collins 
et al. 1977, Bashey and Jimenez 1988, Nimni 1988a, Hopkins 1989). 
Five collagen molecules (fibrils) aggregate into a quarter staggered structure (fibre). 
The diameter and length of the fibres varies according to the collagen type (Parry and 
Craig 1988). For example, collagen type III forms thin fibres compared to type I 
(Viidik and Vuust 1980, Nimni and Harkness 1988). In the gaps between the fibrils, 
inter-molecular covalent bonds form which stabilise the structure (Nimni 1988a). 
Within these gaps, cross-linking agents (e. g. glutaraldehyde) may also attach to the 
collagen fibrils. One unusual phenomenon observed in leaflets is the presence of strong 
covalent bonds, formed by hydroxylysine residues. These bonds are more usual in hard 
collagenous tissues (Mannschott et al. 1976, Collins et al. 1977, Bashey et al. 1978). 
The interactions of water and other fluid matrix components are important to collagen 
structure stability and function. Removal of water from matrix, hinders normal collagen 
functioning (Light and Bailey 1980). Fibres in turn aggregate to form bundles (Viidik 
1972). 
The collagen fibre, has an inherently stable structure, mechanical failure therefore 
occurs due to slippage between molecules rather than the breaking of individual 
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collagen molecules (Barenberg et al. 1978 $ Viidik and Vuust 1980, Imamura et al. 
1989). Inter-molecular cross-linking has a profound effect on mechanical properties. 
The larger the fibre diameter, the greater its strength, due to the presence of more 
covalent cross-links in the molecule. It has been postulated that larger diameter fibres 
maintain tensile properties of tissues, while smaller fibrils effect the viscous properties 
of the tissue. The smaller fibrils have a comparatively greater surface area for matrix 
interactions, which would enable a tissue to regain shape after a deformation (Parry and 
Craig 1988). Several sizes of fibres co-exist in leaflets. 
Parallel arrangement of the collagen fibres allows transmission of load with minimal 
loss of energy. Because of this collagenous tissues have high tensile strength and 
stiffness and are relatively inextensible (table 4). 
References Modulus Tensile strength Failure strain 
Nimni 1988, 5x105 to 108 Nm72 
Wainwright et al. 1976 
Wainwright et al. 1976, -8 X 107 Pa 
Vincent 1982, Nimni 1x1010 dyn cm -2 
1988 
Parry and Craig 1988 --8-10 
Viidik and Vuust 1980 15-30 
Table 4: The mechanical properties of collagen 
The crimped structure adopted by unstressed collagen fibres, has been observed to 
straighten as the fibre is extended (Broom 1978b). This crimp may have a role in 
damping sudden loads (Viidik 1972, Gathercole and Keller 1975, Broom 1978b). The 
initial part of the collagen stress/strain curve is thought to be due to the uncrimping 
(Swanson and Clark 1974), while the later steep linear portion is due to resistance to 
slippage between the collagen molxuhrs, The relative dependence of mechanical properties 
on inter-molecular cross-links and interactions between collagen and other tissue 
components has not been completely elucidated (Viidik and Vuust 1980, Nimni and 
Harkness 1988, Kucharz 1992). 
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Collagen is not produced in large quantities in leaflets once growth is complete; unless 
in response to a large stimulus. However repair continues and the matrix is replenished. 
This could be an important reason for the retention of 'viable' cells in homografts (Little 
1970, Rigby 1964). During ageing, as fibre diameters remain fairly constant, changes in 
mechanical properties are due probably to matrix interactions (Barenberg et al. 1978, 
Nimni and Harkness 1988). 
2.5.2 Elastin 
Elastin is a common fibrous protein found in mammalian tissue and is highly elastic 
(modulus -6X 105Nm72, extensibility -100-200%), when compared with collagen 
(Leppert et al. 1983, Parry and Craig 1988). Elastin isolated from valve leaflets has 
been reported to have an extensibility of roughly 130% (Broom 1978b). When found 
perpendicular to collagen, elastin is thought to modulate the rearrangement of the 
collagen network, that is, helping it to regain crimp. Correlation between elastin 
ultrastructure and tissue extensibility at different anatomical sites supports this view 
(Minns et al. 1973, Broom 1978b, Lee and Boughner 1981). 
In valve leaflets elastin has a tendency to lie in the radial orientation - perpendicular to 
the free-edge (Ferrans et al. 1978) (figure 8). Elastin is found also in the sinus wall, 
allowing the wall to expand considerably when the valve is closed. 
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Figure 8: Elastin orientation and distribution in leaflets. - Summarised from 
(Wiseman 1993). The bars indicate the direction and density of the fibres in that leaflet 
region. 
2.5.3 Fluid matrix 
The fluid matrix (ground substance) contains mucopolysaccharides (proteoglycans) and 
structural glycoproteins, in a large amount of water. The dynamics of water molecules 
oüect the biomechanics of the tissue (Harley et al. 1977). The interactions of the water 
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and proteoglycan molecules is very complex and as yet not completely known (Kucharz 
1992). 
It is believed that the proteoglycans bind to collagen by electrostatic interactions which 
are modified by the pH and ionic strength of the surrounding medium (Bashey and 
Jimenez 1988, Nimni and Harkness 1988). The proteoglycans are also thought to 
modulate collagen fibre diameter. Table 5 summarises the proteoglycans identified in 
heart valves and their relative proportions. These proportions change with age, 
suggesting a possible cause for observed increases in leaflet thickness. 
Proteoglycan Proportion in valve Amount after maturation 
H aluronic acid 1/3 Decrease with age 
Chondroitin 4-Sulphate, 1/4 to 1/2 Chondroitin 4-Sulphate, 
Dermatan Sulphate, decreases with age. 
Chondroitin 6-Sulphate Others increase. 
isomers 
Heparin Sulphate Minor Increase with age 
Table 5: Proteoglycans in leaflets, from (Murata 1981, Schoen et al. 1988, Hopkins 
1989) 
Abnormalities in the matrix can be the cause of some cardiac diseases, identification of 
the abnormalities and their role in valve dysfncion would prove useful (Manasek 1976). 
Proteglycans have also been implicated as precursors of calcium deposition in tissues 
(Nimni 1988b; Schoen, 1991). Mucopolysaccharide retention is considered important 
for prolonged valve life, particularly for fatigue life (Barratt-Boyes and Roche 1969, 
Girinath et al. 1974). 
2.6. THE EFFECT OF STORAGE CHEMICALS ON LEAFLET 
COMPONENTS 
In what is essentially an introductory chapter, it is considered that it is best to reserve a 
more detailed discussion of this subject until later. It is sufficient to state here, that 
heart valve leaflets, like probably all connective tissues, are composite materials. As 
such, they are believed to share their stresses between their different phases. 
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When considering the influence of storage treatments on the leaflets, it is necessary 
therefore to assess their effect on each phase. This includes not only their direct effect 
on the fibrous collagen and elastin molecules, but indirect effects, firstly via the fluid 
matrix and secondly by the influence the treatments have on the cells present in the 
leaflets. 
Glossary of terms used in this chapter: 
Auograft valve: 
Autograft valve: 
Biological valves: 
i) Bioprosthesis: 
ii) Grafts: 
Circumferential: 
Homograft valve: 
Homovital: 
Mechanical Valve: 
Radial: 
Stent: 
Xenograft valve: 
Tissue from donor of the same species as recipient. 
Tissue from the same individual, e. g. pulmonary autograft. 
Contain biological material - subdivided into two types; 
Chemically treated to reduce antigenicity and increase structural 
stability by preventing cell penetration. 
Antibiotic sterilised tissue - subdivided into two types; 
a) Viable - fresh (living cells), 
b) Non-viable - dead (no living cells). 
Orientation parallel to the free-edge of leaflets (figure 3). 
As for allograft 
Valve removed under sterile conditions, stored in nutrient 
medium but no antibiotics. 
Made exclusively of metal and synthetic material. 
Orientation perpendicular to the free-edge of leaflets (figure 3). 
Artificial frame in bioprostheses to which the biological material 
for the leaflets attach (e. g. pericardium, porcine or human valve 
leaflets). 
Donor of different species to recipient, can have 
xenobioprosthesis. 
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CHAPTER 3: 
A REVIEW OF MECHANICAL TESTS AND THE 
MATERIAL PROPERTIES OF VALVES 
3.1. INTRODUCTION 
This chapter provides a brief review of the generally accepted mechanical behaviour of 
biological tissues and defines the criteria used for testing heart valves in this study. This 
is followed by a review of the methods used to test mechanical properties of heart 
valves and of the test selected. 
3.2. BIOMATERIALS 
Soft biological materials pose unique problems for the materials scientist, which can 
render measurement and classification of their properties difficult. There are several 
excellent accounts of the mechanical behaviour of soft biological tissues (Wainwright et 
al. 1976, Vincent 1982), but a brief summary of those features relevant to this research 
project is included below. 
3.2.1. Quasi-static response 
The forces generated in a linear elastic material are directly proportional to the load 
applied (figure 9a). Measuring these changes in force after application of known 
extensions is one measure of the mechanical properties of a material. On application of 
an extension to a soft biomaterial, a non-linear elastic response is observed (figure 9b). 
The applied extension can be expressed as a ratio to the original length of the specimen, 
referred to as engineering strain (c) and it may be calculated as a percentage (equation 
1). This measurement has been used for heart valves (Clark 1973, Missirlis and Chong 
1978, Mohan and Melvin 1982). 
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a) 
Load 
or 
Stress 
Modulus 
Elongation or strain 
b) 
Load 
or 
Stress 
Elongation or strain 
Figure 9: Generalised load/elongation and stress/strain curves for, a) an elastic 
material and b) a soft biological material. 
L-Lo 
Lo X 100 
(%) = ENGINEERING STRAIN ................ 
Equation I 
L= length of the specimen 
Lo = original length of the specimen (Gauge length) 
To enable comparisons between materials, the force generated in a loaded material, is 
divided by the original cross-sectional area of the specimen. This is termed the 
engineering stress (a) (equation 2). If the cross-sectional area is continuously 
monitored as the load acts on the specimen, the true stress can be calculated. In most 
cases however, it is assumed that the cross-sectional area remains uniform during a test, 
and engineering stress is used. The specimen is assumed to have constant volume, this 
makes the measurement easier to perform, but the results can be only comparative, not 
absolute (Pate and Sawyer 1953). 
Force 
CSA 
= ENGINEERING STRESS ................. 
Equation 2 
CSA = original cross-sectional area of specimen 
The slope of the stress/strain curve is a measure of the stiffness of the material and is 
referred to as the modulus. The elastic modulus depends largely on the volume fraction 
of fibres orientated in the test direction. As a b; d .l material is stretched, there comes 
a point when a significant number of its chemical bonds have been broken; an 
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irreversible change in length results. The material will have passed its elastic limit and 
now behaves plastically. Extensions beyond this point result in more bond breakages 
until the specimen fails, that is the force applied is greater than the combined strength 
of the remaining bonds. 
Strictly speaking the definitions given for strain (equation 1) and stress (equation 2) are 
only true if the deformation and load are uniformly distributed across the specimen. 
This is not the case in materials such as valve leaflets, where the thickness of a leaflet 
varies in different regions (the average thickness may be 0.6mm, but thickness can go 
up to over lmm). However, because of the complexity of the tissue structure, there is 
currently no better method for defining these properties (Sauren 1981). 
As indicated in the previous chapter, soft biological tissues are composite structures 
and their mechanical responses to an applied force or extension, are the sum of the 
changes in each of the individual components and their interactions. These components 
have been isolated from valve leaflets by biochemical extraction. Tensile tests on these 
isolated components have verified their role in forming the different regions of the 
stress/strain curve (Bergel 1961, Missirlis 1973, Broom 1978b, Sauren 1981). The 
stress/strain curves for soft biological materials (including valve leaflets) are therefore 
not linear under tensile stress (figure 9b). Leaflet stress/strain curves can be divided into 
four distinct regions: 
" An initial low modulus region (figure 9 b) region I), where small changes in force 
elicit large changes in length. This has been attributed to load transmission by 
elastin fibres and includes some uncrimping of collagen fibres (Elow). 
"A transitional region (figure 9 b) region II), where gradual alignment and uncoiling 
of collagen fibres increasingly dominate the transmission of load. 
"A high modulus region (figure 9 b) region III), where large changes in force are 
required to produce small changes in length, reflecting the now dominant collagen 
fibre material properties (Eup). 
" Failure as slippage between collagen fibrils and breakdown of interfibrillar bonds 
with the other tissue components becomes catastrophic (figure 9 b) region IV) 
(Trowbridge et al. 1989). 
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The extent of the four regions depends on the quantity and orientation of the 
components of the tissue in relation to the direction of force. Anisotropic materials 
have different properties in different directions. Collagen and elastin have very different 
properties, so that inhomogeneity of their arrangement, causes the tissue to behave 
anisotropically. Circumferential leaflet specimens (figure 15), with collagen bundles 
lying chiefly parallel to the direction of load, display collagen-like material properties, 
while radial specimens, in which elastin are the predominant fibres, exhibit elastin-like 
qualities. 
Fibres are usually aligned along the direction of loading in vivo, and rupture of an 
internal layer causes shearing across the fibrous layer and fibre slippage through the 
matrix (Trowbridge et al. 1989). Failure of biological specimens is therefore not 
normally abrupt. Fibres fail at different loads, resulting in a 'jagged' failure (figure 
9b(1V)). Ultimate failure occurs when the remaining fibres between them are unable to 
withstand the load. Practically however, failure is considered as the point at which the 
first major loss in load bearing capacity occurs (figure 9b(IV)). 
3.2.2. Viscoelastic Phenomenon 
The majority of biomaterials display some time dependency in their stress response 
(Fung 1972, Broom 1977, Sauren 1981, Lee et al. 1984b, Vesely et al. 1990). Time 
dependent behaviour is described as viscoelastic response, indicating that it is a 
combination of elastic and viscous effects in the material. Viscous effects result from 
the relative flow of molecules, with dissipation of energy (Wainwright et al. 1976). 
Elastic 
6 
Viscoelastic 
6 
/ EE 
Figure 10: Stress/strain (6/E), loading and unloading curves for elastic and 
viscoelastic materials. 
The area between the loading and unloading curves of viscoelastic materials represents 
the energy lost during cyclic loading (hysteresis). For many biological materials this 
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energy loss falls with each successive cycle until a stable response is obtained (Clark 
1973, Lee and Boughner 1981). Once a stable response has been achieved, the tissue is 
said to be pre-conditioned. A material is only conditioned, that is, it will only produce a 
stable response, up to the load to which it has been cycled (Viidik 1972, Lee et al. 
1984b). Biological materials are usually conditioned within their 'physiological' load 
range. Loads above this could lead to permanent deformations or failure of the 
specimen (Sauren 1981, Lee et al. 1984b). 
The mechanical response of viscoelastic materials is strain rate dependent: different 
strain rates result in changes in the materials stress/strain response. Usually properties 
such as stiffness are (affected by the strain rate and increasing strain rate results in a 
higher modulus. This effect is thought to be indicative of the viscosity of the material. 
One measure of the viscoelastic response of a material is its stress relaxation. This is 
exhibited when an instantaneous strain is applied and held constant, resulting in a 
decrease in stress with time, from its initial value at t=0 (figure 11). In reality it is 
impossible to extend biological samples instantaneously (Dehoff 1978). Soft biological 
material relaxation curves behave in the same way as those of cross-linked networked 
polymers (Wainwright et al. 1976). The relaxation phenomenon is due to 
rearrangement of molecules to a lower energy state (Vincent 1982). On application of 
an extension to a material, the components within it rearrange to achieve this. 
Stress( a) Initial recoil in fibrous components 
Viscous movement of moleculues 
Time(t) 
Figure 11: General stress relaxation curve for biological materials. 
Viscosity is probably most influenced in biological materials by the matrix composition 
and the matrix interaction with the fibres. It is thought that knowledge of viscous 
behaviour of leaflets could therefore provide an indication of the matrix composition 
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and the quantity and the mobility of water molecules within the matrix. If there is less 
fluid, there may be friction between the fibres in valve leaflets leading to wear and 
failure. 
3.3. THE MECHANICAL TESTS USED ON VALVES 
Several different tests have been performed to determine the mechanical properties of 
valves. The choice of test has depended on the type of research and the information 
sought. 
The chosen test for this work had to fiilfil the following criteria: - 
I It should reflect the functional behaviour of the tissue, i. e. the way the tissue is loaded 
in vivo. 
2 It should have no effect on the tissue chemically or physically (e. g. gripping the 
specimen can damage it). 
3 It should provide physiologically relevant data. e. g. the loads should have magnitudes 
in the physiological range. 
4 The test should be reliably repeatable. 
5 It should be possible to be able to compare the data obtained with any existing data 
on valve properties. 
6 The test should be quick and easy to perform as many tests were envisaged. 
7 The selected storage treatments (methods or regimes) should be assessed over a 
defined period. 
Two other conditions had to be met by- the test, both related to the specimen 
environment. 
" The tests need NOT be performed at 370C, as the valves were to be studied in pre- 
operative conditions (room temperature). Previous tests have been performed at both 
370C (Lee et al. 1984b, Crofts 1988a Vesely et al. 1990) and at room temperature 
(Clark 1973, Missirlis and Chong 1978, Sauren 1981), with no detectable affect on 
the results. 
" The specimens had to be kept moist if not bathed, in a 'physiologically equivalent' 
solution (e. g. saline). If the tissue was not kept moist, the measured properties would 
be altered (Clark 1973, Missirlis and Chong 1978, Lee and Boughner 1981, Sauren 
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1981, Crofts 1988b, Trowbridge et al. 1989, Vesely et al. 1990, McNally and 
Brockbank 1992). 
As it was hoped that the data from this study could be compared to that produced by 
others, their methods were examined. They could be divided into three types: 
1 Measurements on intact valves 
2 Measurements on intact leaflets and biaxial tests 
3 Uniaxial tests. 
3.3.1. Intact valves 
The vast majority of whole valve tests have been performed to derive geometric data of 
valves during the cardiac cycle for bioprosthetic valve design. Use of simple stress 
models on data obtained from in vivo measurements in dogs (Thubrikar et al. 1980), or 
in vitro tests in pulse duplicators (Brewer et al 1976, Thubrikar et al. 1986, Lockie et 
al. 1993) and stereogrammetric methods (Karara 1974, Swanson and Clark 1974, Clark 
et al 1975, Brewer et al. 1976, Cataloglu et al. 1976, Chong et al. 1978, Missirlis and 
Chong 1978), have indicated that: 
" Valve sinuses and walls of arteries share the load on the leaflet by expanding during 
the cardiac cycle (the leaflets are pre-stressed). 
" Thickness across the leaflets varies considerably (1. lmm differences were measured 
by Cataloglu et al. 1977). The thickest regions were consistently those nearest the 
commissures and coaption line (-1.33mm), while the thinnest region was the belly 
(---0.25mm) (Sands et al. 1969, Clark and Finke 1974, Cataloglu et al. 1977, see 
figure 6). 
" In vivo strain rates approach 2.5 sec-1 (Missirlis 1973). 
" During diastole (valves closed), the peak stress resultants across leaflets are in the 
circumferential direction, along the collagen bundles, which are the principle load 
bearing structures. 
" Radial stresses in closed valves progressively increase from the sinus attachment to 
the free-edge (Karara 1974, Clark et al. 1975, Cataloglu et al. 1976, Chong et al. 
1978). 
" Bending stresses are present along the commissures and free-edges of leaflets. 
36 
3: REVIEW OF MECHANICAL TESTS ON VALVES 
" At physiological pressures of 80mmHg, radial extension of leaflets is large (in the 
high modulus region), while circumferentially it is not (Missirlis 1973, Missirlis and 
Chong 1978). 
The large stresses at the commissures and in the coaption region of explanted valves, 
account for the prominence of tissue failure, and the calcification and wear observed at 
these sites (Christie and Barratt-Boyes 1991a, Ishihara et al. 1981). The information 
obtained from intact valve tests is useful for determining experimental limits, but their 
complexity ruled them out of this study; too few valves could be tested. 
Figure 12: Intact valve specimen. 
The advantages and disadvantages of using whole valve tests are listed below. 
Advantages 
" Load is applied multiaxially. 
" Stress is determined over the whole leaflet. 
" There is no disruption of tissue components (the leaflet is not cut - figure 12). 
Disadvantages 
" Complex methods and analysis. 
" Due to this complexity, few valves have been tested or the test was repeated on one 
valve specimen. 
" Biological variation is not accounted for because of the limited sample size. 
Stress analysis models have assumed linear tissue behaviour (except that of Missirlis 
and Chong 1978). 
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" Material property data for stress analysis was derived from simpler destructive 
uniaxial tests anyway. 
" Not all valve components (leaflets, sinus, wall) are necessarily equally affected by 
storage treatments. 
" No stress tests were performed on pulmonary valves. 
3.3.2. Whole leaflet tests -'bulge' and biaxial 
Bulge tests 
'Bulge' tests on disks of leaflet tissues have been performed on aortic valves (Mundth et 
al. 1971, Wright and Ng 1974, Ng and Wright 1975, Lim and Boughner 1976). 
Although these tests can be performed in situ, that is to say, without removing the 
leaflet from the valve, the information gained about the mechanical properties of the 
leaflet can be applied to only a small area of the entire leaflet. This omits many of the 
important regions, including the collagen bundles and commissures (figure 13). The 
advantages and disadvantages of whole leaflet tests are listed below. 
Advantages 
Load is applied multiaxially. 
Disadvantages 
" Specimens are assumed to be of uniform thickness. 
" Only the "belly" of the leaflet can be tested. 
" Edge effects from clamps could effect a considerable part of the specimen. 
Figure 13: Whole leaflet test specimen. 
These tests however, highlight the form of the stress/strain response of leaflets. 
(Mundth et al. 1971, Wright and Ng 1974, Ng and Wright 1975, Lim and Boughner 
1976). This indicates that the central portion of the leaflet experiences the greatest 
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extension under pressure. Using low frequency dynamic tests, the viscoelastic response 
of leaflets was also studied and found to be strain rate independent. On removal of 
applied stresses the leaflets are able to recover their original state. (Lim and Boughner 
1976). 
Biaxial tests 
Biaxial tests have been used to characterise bioprosthetic valve tissue properties 
(Mayne et al. 1989, Christie and Barratt-Boyes 1991b). The advantages and 
disadvantages of using this technique are listed below. 
Advantages 
Load is applied biaxially therefore producing multiaxial data. 
Disadvantages 
"A specimen is excised from the leaflet, and is therefore subject to fibre disruption at 
its edges. 
" Complicated method and analysis. 
" Small test area (figure 14). 
" Little data in the literature for comparison. 
Transducer 
Transducer 
Force 
Area extended 
Figure 14: Biaxial test specimen 
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From the criteria for test selection in this project, biaxial tests fall down in that the test 
procedures usually involve complicated and slow set-up protocols for each specimen. 
Biaxial tests do however highlight two important features of biomaterials testing. 
I Cutting specimens from the structure in which they reside, disrupts the natural pre- 
stress and only the properties of the isolated section are measured. The site from 
which the tissue section is derived therefore, must be anatomically defined to 
minimise comparative errors (Viidik and Vuust 1980). 
2 Boundary conditions can have significant effects on the outcome of biomaterials 
tests (Aspden 1990). The larger the specimen the smaller will be the inaccuracies 
introduced into the measurements. Lee et al (1984b), determined that 
circumferential specimens of 4mm and larger, and radial specimens larger than 6mm, 
were required to produce stable stress strain responses. 
3.3.3. Uniaxial tensile tests 
Uniaxial tests are the most commonly used test for characterising leaflet properties 
(Thubrikar 1990). They provide a sound basis for comparing tissue if the test regime is 
consistent for all the specimens (Vesely et al. 1990). The advantages and disadvantages 
of using uniaxial tensile tests are listed below. 
Force 
4- 
10mm 
a) Radial 
Figure 15: General uniaxial test specimen (indicating the a) radial and b) 
circumferential specimens). 
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Advantages 
" Data in the literature for comparison. 
" Easy to perform and repeat. 
" Can be related to physiological stresses. 
" Directional information (figure 15). 
Disadvantages 
" Specimen excised from leaflet. 
" Not multiaxial (natural) loading. 
" Assumes uniform thickness of specimen. 
" Does not test commissures. 
3.4. REVIEW OF OUASI-STATIC DATA FOR HEART VALVE LEAFLETS 
Many researchers have used uniaxial tests to determine leaflet properties; the spread in 
the data is large (table 6), but the trends are similar (Rousseau et al. 1983): - 
" Circumferential specimens appear to be stiffer and less extensible (i. e. shorter low 
modulus region) than radial specimens (anisotropic). 
" The stress/strain relationship is non-linear in each direction. 
The spread in the data is caused by at least two factors. 
1 Biological variation 
2 Differences in test protocols, which create a variety of experimental errors. 
The first cause of spread, biological variation, is inherently large from one individual to 
another and from leaflet to leaflet (Tan and Holt 1976, Vesely et al. 1990). It can be 
combated to a certain extent by using large sample numbers. Most of the previous 
leaflet studies used only a few specimens (Clark 1973, Missirlis 1973, Mavrilas and 
Missirlis 1991). Statistical analysis is usually required (Lee et al. 1984b). 
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The second cause of spread in the data, difference in test protocol, can be considered 
under a number of subdivisions: - 
i) To ensure repeatability of the experiment, some researchers carried out repeat 
tests on the same specimen (Rousseau et al. 1983, Sauren et al. 1983). In terms 
of the range of properties found in a population this makes for atypical results. 
ii) As mentioned earlier, the variation in thickness across a specimen can be as 
much as 1mm. The measurement of thickness should be taken at defined sites 
and with as much precision as possible. Some authors have used existing 
equipment to measure thickness (Pereira et al. 1990, Xi et al. 1992), while 
others designed their own devices. 
iii) The exact position from which the specimen is taken varies. Although most 
studies use radial and circumferential specimens, only Missirilis (1973) and 
Sauren and his co-workers (1983) precisely define the way in which their 
specimens are taken (Missirlis 1973, Sauren et al. 1983). The shape of the 
specimen used, dumbbell or straight, has also varied. 
iv) Gripping biological specimens and preventing slippage or premature failure is a 
problem. Many authors have designed or adapted grips specifically for the tissue 
they were investigating (Pate and Sawyer 1953, Pritchard et al. 1966, Viidik 
1967, Blanton and Biggs 1970, Mohan and Melvin 1982, Lee et al. 1984b, 
Pereira et al. 1990, Vesely et al. 1990, Xi et al. 1992). 
v) A variety of strain rates have been used: 10mm/min by Sauren (1981), 
Rousseau et al. (1983), Lee et al. (1984a & 1984b) and McNally and 
Brockbank (1992); 2mm/min by Missirlis and Chong (1978) and 1.27mm/min 
by Clark (1973). 
vi) Specimens have been preconditioned to different loads and for a different 
number of cycles: 10 x by Sauren (1981), Lee et al. (1984a), Vesely et al. 
(1990); 20 x by Clark (1973), Tan and Holt (1976) and 3x by Missirlis and 
Chong (1978). 
vii). Accuracy of gauge length measurement has varied. Some measure it by eye at 
the initial load deflection (Missirlis 1973), while others use a microscope 
(Broom 1978b). 
viii) Most researchers keep their specimens moist, while others did not (Sauren 
1981). 
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ix) The method by which mechanical properties are calculated has varied also. For 
example high modulus (Eup) has been calculated either by obtaining an average 
value from the upper part of the stress/strain curve (Lee et al. 1984b), or by 
measuring a tangential value at a 'physiological' load. Although more specific, 
the latter method is subject to greater variability, as methods of determining the 
tangent vary considerably (Missirlis 1973, Sauren 1981). 
x) The choice of 'physiologically equivalent' load or stress has varied. Some quote 
it as - 13 to 16 kPa (Clark 1973, Missirlis 1973, . Sauren 1981), while others 
quote 200kPa (Lee et al. 1984b, Vesely et al. 1990). In each case however 
radial specimens are just past the transition point in the stress/strain curve whilst 
circumferential specimens have not achieved it. This supports earlier findings 
from the intact valve tests (section 3.3.1. ). 
The stress at failure has been found and given by some authors in their results, even 
though it can be governed by edge-effects and clamping (Harris et al. 1968, Clark 
1973, Sauren 1981, Lee et al. 1984a, Trowbridge et al. 1989, McNally and Brockbank 
1992). Failure usually occurs outside the 'physiological range' and its relative value in 
estimating tissue performance therefore is suspect (Clark 1973). It seems reasonable 
however, that the failure stress of the material at implantation will be an indication of its 
ability to withstand physiological loads. Therefore for comparative purposes it is a 
useful parameter to calculate. 
In only two cases have pulmonary and aortic valves been compared, both in human 
valves (Gorczynski et al. 1982, Yamada 1973). Both workers indicate that pulmonary 
leaflets are between two and three times as strong as their aortic counterparts. This is 
odd considering they have lower pressures across them than aortic leaflets. Biological 
systems are rarely over-engineered. 
Some authors report that the non-coronary leaflets from aortic valves have a different 
geometry to the other leaflets (Clark 1973, Missirlis and Chong 1978). The mechanical 
properties of the three aortic leaflets however were not found to differ significantly 
(Lee et al. 1984b). 
Vesely and Noseworthy separated the fibrosa and ventricularis and tested them fresh 
(1992). They found that fresh fibrosa is less extensible and stiffer both radially and 
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circumferentially than ventricularis. This is to be expected from histological evidence on 
the distribution of the different fibres within the matrix. There is some doubt however, 
of their method for separating the upper and lower layers of the leaflet (in some regions 
the entire leaflet is only 0.25mm thick). 
3.5. REVIEW OF STRESS RELAXATION DATA FOR LEAFLETS 
Materials scientists have used models to provide concise well defined quantitative 
descriptions of material behaviour from only a few parameters. It is considered 
therefore that they can be useful tools for comparative validation or prediction of 
biological tissue properties (Vincent 1982). Mathematical equations have for example 
been developed to model the viscoelastic mechanical properties of connective tissues. 
Although the overall behaviour of the material is numerically described, models rarely 
explain the effects at the molecular level (Wainwright et al. 1976). 
Two key units are used to describe viscoelastic behaviour in model designs; springs 
and dashpots, representing the elastic and viscous elements of the viscoelastic 
behaviour, respectively (figure 16). The Maxwell, Kelvin and standard linear solid 
arrangements of these two units are commonly used as the basis of viscoelastic models 
(figure 16 A, B and C respectively). 
Two types of viscoelastic model exist, descriptive and non-descriptive. In the 
descriptive models, a material's behaviour is described, in terms of its microscopic 
structure. The calculated parameters (for the various springs and dashpots in the model 
arrangement) relate to physical components (Viidik 1968). Although tissue architecture 
can be highly complex, these models are usually simple, assuming for example, that the 
load on the specimen is borne solely by the elastic fibres (Lake and Armeniades 1972). 
Descriptive models are usefid in the description of uniaxial tensile tests (Lanir 1979). 
Linear and non-linear viscoelastic models have been determined in this way for specific 
connective tissues (Decraemer et al. 1980). No one model of this type can describe the 
viscoelastic behaviour for all the soft biological materials, because of differences in the 
types of fibres present (Apter and Marquez 1968). 
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KEY: Fs = Force across spring Fd = Force across dashpot 
Q= displacement F= resultant of forces 
c= spring constant k= dashpot constant 
Figure 16: The Maxwell (A), Kelvin (B) and Standard linear solid (C) models. 
The non-descriptive models, mathematically quantify viscoelastic behaviour of the 
material but do not relate the calculated parameters to physical components (Viidik 
1968, Frisen et al. 1969, Fung 1972, Kenedi et al. 1975, Dehoff 1978, Shuter et al. 
1994). In effect it is only the relative shape of the viscoelastic property curve (e. g. 
stress relaxation) that is compared for different specimens. The equations are usually 
based on linear viscoelastic theory, which defines the ratio of stress to strain for any 
strain history as a function of time only. 
The time dependent behaviour stress relaxation behaviour is described by the 
relaxation function G(t). Once the function has been determined, a constitutive 
equation can be derived that will predict how the material will behave, based on its past 
stress/strain history. The function and variables can be linked through the constitutive 
equation which depends on the type of model. 
Measurement of viscdoelastic data from multi-axially loaded specimens requires 
complicated analysis, Lfor this reason, most of the data used to check models are derived 
from transient experiments such as stress relaxation on uniaxial test specimens. The 
parameters calculated from the models therefore, do not reflect the true multi-axial 
properties of the tissues, but are approximations. 
47 
3: REVIEW OF MECHANICAL TESTS ON VALVES 
Any model for heart valve leaflets should cater for the following: 
" There is no active element in the tissue (no muscle) 
" The leaflet consists of large collagen bundles circumferentially oriented and smaller 
collagen fibres inter-woven in a three-dimensional web with elastin fibres 
" All the fibres are embedded in a matrix of ground substance 
" The fibres interact within themselves and between each other 
" The leaflets exhibit non-linear viscoelastic properties 
" The leaflets are anisotropic 
" The leaflets are loaded multiaxially 
Descriptive models would be ideal for representing leaflet behaviour, by providing 
physically meaningful data, however those that are available are over-simplified. Non- 
descriptive models, although not ideal, do permit quantitative comparisons of tissue 
behaviour. 
Fung developed a non-descriptive model, based on linear viscoelastic theory, which 
was modified to describe non-linear viscoelastic properties using a continuous function 
(Fung 1972). This 'quasi-linear viscoelastic model' has been used successfully on 
various biomaterials (Fung 1972, Pinto and Patitucci 1980, Woo et al. 1980). 
Fung's non-descriptive quasi-linear viscoelastic model (Fung 1972), was used by 
Sauren (1981) and Rousseau (1983) to characterise porcine aortic leaflet viscoelastic 
behaviour. The data was derived from stress relaxation tests on uniaxial specimens. 
From this model, the relaxation within the material was described by equation 3. 
G* (ý) 
1+k* {Ei(ý/92*) - Ei(ý/B, *)} 
. 
Equation 3 
1+k*ln(02*/01*) 
a0 -X C 
E1ýY)= J --dX 
X=Y 
X 
Equation 3- Fung's equation for reduced stress relaxation; 
G*(E) is the reduced relaxation function; E1 is an integral; t is reduced time; k *, 01 * 
and 02 * are reduced relaxation parameters (constants). 
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G(t) cannot be experimentally determined as it is impossible to apply an instantaneous 
step load to the specimen. Therefore a reduced relaxation function (G*(ý)) is 
calculated where reduced time (ý) is the time since the specimen was loaded to the 
maximum stress (see figure 17). 
to (t - to=4 ) 
Figure 17: Measurement of relaxation behaviour. 
Time (t) 
To compare relaxation characteristics of the specimens Sauren calculated the three 
parameters 01*, 02*' and k* (table 7). The method of calculation is presented in 
chapter 4. 
Sauren inferred from his results that: 
01 *= influenced the slope just after the beginning of relaxation. 
02* = determined the time necessary to reach maximum relaxation. 
k* = had the greatest influence on the total amount of relaxation (reduction in stress) 
after a large time interval. 
Direction A, * (Sty) 92* CCeO k* 
Circumferential 0.0019 77 0.0755 
Radial 0.00025 53 0.0877 
Table 7: Sauren's values for the stress relaxation parameters 01 *, 02* and k* for 
porcine aortic specimens. 
Most relaxation studies on leaflet properties have not used models to characterise the 
viscoelastic behaviour (Lee et al. 1984b, Vesely et al. 1991). All the data however, 
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indicate that the vast majority of the stress relaxation occurs within the first 10 seconds 
after the specimen reaches the maximum applied stress (Sauren 1981, Lee et al. 1984b). 
The data from all the stress relaxation tests also indicate that radial specimens relax 
significantly less than circumferential specimens. 
Studies from one sample set of aortic artery specimens within this laboratory indicated 
that there is less variability between relaxation curves than stress/strain curves (Gigg 
1992). It was hoped that this would continue with leaflet specimens, thus accentuating 
any differences between tissue behaviour in the sample groups to be compared. 
3.6. SUMMARY 
After considering all the literature for testing valves it was decided to: - 
" carry out uniaxial tensile tests (quasi-static) and stress relaxation tests (viscoelastic) 
- this would provide simple comparative 
data which could be compared in house 
and with the literature. It would reduce the amount of experimentation needed to 
set up a test protocol, and would enable the large number of tests envisaged during 
the limited time available. 
compare human aortic and pulmonary leaflets. 
" compare porcine aortic and pulmonary leaflets. 
compare human and porcine aortic leaflets. 
compare human and porcine pulmonary leaflets. 
use porcine aortic leaflets for treatment tests (plentiful supply, well documented by 
others). 
" determine mechanical effects of four current valve treatments, including 
glutaraldehyde which has defined effects on mechanical properties. 
" undertake tests over a three month period (usually used 
by then). 
The comparison between human aortic and pulmonary valves could be undertaken to 
help determine if pulmonary valves are suitable for insertion into the aortic position. 
The comparison between porcine aortic and pulmonary valves could help determine if 
pulmonary valves could be used in the manufacture of bioprostheses. As porcine valves 
were to be used as the tissue for treatment tests, then a comparison between human and 
porcine valves would determine their suitability for this role. 
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Glossary of terms in this chanter: 
Anisotropic: 
Composite material: 
Elasticity: 
Engineering strain: 
Engineering stress: 
Stiffness 
Failure: 
Isotropic: 
Modulus: 
Plasticity: 
(modulus): 
Strain: 
Stress: 
Stress relaxation: 
The mechanical properties of the material differ between 
directions. 
Material made of more than one type of component. 
An elastic material has no loss in heat energy when extended 
and released. 
The ratio of the change in length of a specimen at discrete 
intervals when extended compared to its original length. There 
are no units, but it can be presented as a percentage change. 
Force acting per unit area of specimen, based on the original 
cross-sectional area of the specimen prior to testing - also 
called stress ratio. Units in N/m2 (Pa). 
The point at which the specimen experiences a dramatic loss 
in stress, while the strain continues to increase. 
An isotropic material has the same mechanical properties in 
any direction. 
A measure of the stiffness of the specimen. 
A plastic material deforms on loading, but when the load is 
removed retains a permanent deformation. 
The rate of change of stress with strain in a specimen. 
The continuous ratio of the change in length of a specimen 
during extension compared to its original length. There are no 
units, but it can be presented as a percentage change. 
Force acting on unit area of specimen when being loaded. 
Units in N/m2 (Pa). 
Exhibited when an instantaneous strain is applied to a material 
and held, resulting in a fall in stress as a function of time. 
Ultimate tensile stress (UTS): The maximum stress after which the specimen fails. 
Viscoelastic: A material that shows time dependency in its response to 
loading and unloading. 
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CHAPTER 4: 
METHODS 
4.1. INTRODUCTION 
In this chapter the methods and materials used to undertake uniaxial tensile tests of 
aortic and pulmonary valves, are presented. The chapter is divided into two parts. The 
first deals with the experimental technique for testing fresh tissues, the second deals 
with the experimental design for testing the effects of treatments. 
4.2. FRESH TESTS 
The methods for preparing and testing the fresh valves are detailed in this section. 
4.2.1. Valve preparation 
Human hearts were dissected under exhaust hoods. This precaution is to protect 
dissectors from infectious diseases, as virological and microbial tests are undertaken 
once the valves have been removed (Appendix I). Overall, 19 human hearts were tested 
(1 i 4. specimens). 
Separated human valves were transported by courier in tissue boxes containing suitable 
packaging. Pairs of human aortic and pulmonary valves (each pair from the same 
donor) were received within a week of donor death, separated in pots filled with 
physiological solution (e. g. 0.9% saline). Donor information including age, sex and 
cause of death were noted (Appendix II). Prior to leaflet dissection both valves were 
everted facilitating a general inspection of leaflet condition. Notes were made of any 
calcification, atheroma, fenestrations or other abnormalities associated with a particular 
leaflet. 
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Pig hearts3 were obtained from animals no older than 6 months. Porcine specimen 
preparation were the same as those for human tissues except: -. 
1 The aortic and pulmonary valves from 12 fresh porcine hearts were tested, (that is 
18 circumferential and 18 radial specimens per valve type). 
2 Porcine hearts were retrieved with at least 10 cm of aorta attached (often with some 
tracheal and oesophageal tissue) and transported back to the University in a cool 
box. 
3 It took no longer than 2 hours between obtaining hearts from the pigs to removal 
of the first valves. 
The porcine aortic and pulmonary valve dissection procedure was similar to that used 
for human valves. Once a heart was selected for dissection, it was placed in a tray and 
the following protocol used for valve removal: 
1 The arteries (pulmonary and aorta) were isolated with a cut across the top of the 
aortic arch 
2 The length of aorta distal to the aortic arch could be isolated for tests if necessary 
by removal of extraneous tissue and adventitia. 
3 The atria were removed, exposing the tricuspid and mitral valves. 
4 The aortic and pulmonary valves were isolated by cutting the septum between the 
tricuspid and mitral valves, retaining the anterior mitral leaflet with the aortic valve, 
and cutting around the ventricles, leaving about 2cm of muscle with the aortic and 
pulmonary valves. 
5 The aortic and pulmonary valves and their respective arteries were separated, using 
forceps (for added stability) and fine scissors (the descending wall of the aorta was 
used to provide the necessary line for separating the valves). 
6 Special care was taken when separating the base of the valves as they are in close 
proximity at this point (figure 1). 
7 Excess adventitia around the valves was carefully removed and the ventricular 
muscle trimmed leaving roughly 0.5cm length. 
8 Coronary arteries were isolated with care, to 1- 0.5cm length (this was important 
for histological studies, where the coronary arteries need to be tied off, so that 
pressure was maintained within the valve). 
9 Both valves were everted facilitating a general inspection of leaflet condition. 
3Porcine hearts were obtained from Chitty's Abattoir, Dorking. 
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10 Paired valves (that is an aortic and pulmonary valve from the same heart) were 
placed in a 200m1 pot containing physiological saline and were treated as fresh if 
stored at 4°C, for up to two days. After this period they were discarded by 
incineration. 
11 No microbial tests were undertaken for porcine valveO after dissection. 
4.2.2. Preparation of leaflet specimens 
Before the valves were removed from their pots, specially made 5mm and 10mm 
parallel blade cutters were prepared, with new single edged razor blades. Straight strips 
of leaflet were cut in one stroke, minimising the disruption of the boundary tissue of the 
specimen (section 3.3.2). Leaflets were cut in the circumferential or radial direction 
(figure 15). 
The protocol used was: - 
" Pairs of valves from the same heart were given the same identification number, 
while each set of valves was numbered consecutively. Their origin (human or 
porcine), was noted in a table with the other leaflet information - Appendix IV). 
" The valve was then carefully cut open along the line of a commissure (figure 3). 
"A leaflet was excised, by carefully cutting it away from the sinus, beginning at the 
top of a commissure and following the line of attachment to the sinus (care was 
taken not to apply unnecessary force upon the leaflet). 
" Leaflets were then placed on a cork mat which provided a suitably steady base on 
which to cut them. 
" Circumferential specimens were always cut below the nodule and lunules, parallel to 
the free-edge of the leaflet, with the 5mm cutter (figure 15). 
" Any obvious abnormalities (e. g. atheroma) within the specimen were noted - the 
same applied to radial specimens. 
" Radial specimens were excised using the 10mm cutter, perpendicular to the free- 
edge, in the centre of the leaflet (figure 15). 
A standard numbering system was used for all leaflet specimens, each number 
always referring to the same leaflet (be the valve human or porcine) thus: - 
4Disposable gloves were worn when tissue was being handled and good laboratory practice was 
followed reducing risks of contamination or infections to both the dissector and experimental tissue. 
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1- pulmonary circumferential 4- aortic circumferential (left coronary) 
2- pulmonary radial 5- aortic radial (right coronary) 
3- pulmonary (radial/circumferential) 6- aortic (radial/circumferential) (non-coronary) 
" For aortic valves the left coronary leaflet was always cut circumferentially, the right 
coronary leaflet always radially and the non-coronary leaflet was alternatively cut 
radially or circumferentially, with each successive heart. 
" Pulmonary valve leaflet specimens were prepared in the same manner, the 
pulmonary leaflet nearest to the aorta wall was always cut circumferentially, the 
leaflet immediately on its right radially and the third leaflet was cut in the same way 
as the non-coronary valve from the corresponding aortic valve. 
" An example of the numbering system could be specimen number 76. The number 7 
indicates the heart number and the 6 signified that it was an aortic valve non- 
coronary leaflet. If the number had been 302, the heart number was 30 and the 
specimen was a pulmonary leaflet cut in the radial direction. 
" The width, thickness and length of a leaflet specimen were measured with a Vernier 
calliper (precision ± 0. Olmm) and noted with the leaflet information. Preliminary 
tests indicated that the repeatability of measurements was +1- 0.05mm. 
" Once cut, specimens were placed in small labelled vials containing fresh saline. 
" Tests were performed within 24 hours of specimen preparation, until which time the 
specimens were stored in a fridge at 4oC. 
4.2.3. Tensile tests 
The test conditions were established, with the intention of producing an easily 
repeatable process that required minimum handling and drying of the tissue. 
A servo-mechanical test machine manufactured by lnstronTM5 (model 4501), was used 
to perform uniaxial tensile tests on the leaflet specimens. The machine console was 
used to set experimental parameters. Tests were carried out under constant controlled 
rate cross-head displacement, which was achieved by the machine using a lead screw 
mechanism (+/-0.001mm). Load was measured with a 1kN load cell (+/-0.01% full 
scale), situated in the cross-head. The leaflet was rested upon the bottom jaw of the 
5lnstron Corporation, Canton Mass., U. S. A., used courtesy of Dr. Ghadiri and Mr. Orteaga, Chemical 
Engineering Department, University of Surrey. 
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calliper and the top jaw was slowly lowered until it just touched the upper surface of 
the leaflet. The specimen dimensions were entered into a computer data logger linked 
to the extensometer. Test load and displacement data were acquired directly by the 
logger, at a rate of 5 points per second (movement of the cross-head triggered data 
logging) (figure 18). 
Serrated aluminium grips designed to hold soft tissue specimens were attached to the 
anchored lower grip site and load cell (figure 18), so that as the cross-head rose, the 
load in the specimen was transmitted to the load cell. These grips reduced failure of the 
specimen at the grip edges (section 5.2). The upper grip site mounted in the cross-head 
(C in figure 18), had a universal joint in it to allow alignment of the specimen. Samples 
were cycled at low loads prior to testing to failure, to remove any hysteresis effects that 
may have occurred as a result of the specimen preparation (section 3.4). Specimens 
were kept moist with saline during the entire test time. 
A 
Load cell 
Cross -head 
Control 
Console 
I 
B 
0 
0 
Figure 18: Schematic of test apparatus (A) and a grip (B). 
Fixed base 
Instron Frame 
/Data 
Logger 
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4.2.4. Test protocol 
The Instron was switched on at least 1 hour before use, to allow time for the drift in the 
electronic system to settle. The test procedure followed for all specimens was: - 
Ile clamps were positioned near enough to each other so that the tissue would not 
be stretched once clamped. 
" The specimen was removed from its vial with a pair of forceps. 
" Insertion of the specimen into the grips was achieved with minimum handling. 
" One end of the specimen was lowered in to the lower clamp, between the grip and 
its front panel. 
" The screws on the front panel were tightened until the specimen was firmly held. 
(Experience o4c the force required to grip the specimen hard enough so that it 
would not slip out or be damaged). 
" The upper end of the specimen was then gently nudged in to the upper grip with the 
forceps and held as before. 
" Using the computer console (figure 18), the cross-head was set to run at 
10mm/min, twenty times, between 0 and 0.75N (pre-conditioning). 
The choice of load to which the specimen was cycled was chosen in accord with studies 
by Lee (1984a). If the cross-section of a circumferential specimen is 2.5x10-6m; then 
the maximum stress to which the specimen was cycled was 300 kPa. Thus the specimen 
was cycled within 'physiological' loads. 
" On returning to zero Lozd after the final cycle, the test was set to stop. 
" The length of specimen between the two clamps was measured with a pair of 
vernier callipers and entered in to the data logger. This was termed the "initial" 
gauge length. It enabled me to relate the Instron readings to the real length of the 
specimen. 
" The specimen number, width, thickness and "initial" gauge length were then entered 
into the computer data logger. 
" Pre-conditioning began by pressing the 'up' button on the console, causing the 
cross-head to run up and the data logger to begin logging load and displacement. 
" The specimen was cycled 20 times 
" The cross-head was then run down a few millimetres producing some slack in the 
specimen (unloading the specimen). 
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" The Instron cross-head displacement reading was reset to zero. 
" The "measured" (new) gauge length was read with the callipers and entered into the 
data logger with a new specimen number 
" The console was set to perform a test to failure (the cross-head moved, until the 
specimen failed). 
" The load/extension data to failure was then saved on to disk. 
The porcine test protocol was the same as for human leaflets except; 
" The specimens were cycled 20.5 times. 
" On the last half cycle the cross-head was halted at 0.75N and held for three 
minutes. This constituted the stress relaxation test. The sampling rate was 5 points 
per second. 
" The cross-head then returned until zero load registered. 
" The data was then saved and the test to failure completed as described for human 
specimens. 
4.2 5. Quasi-static calculations 
The analysis process was developed to provide a range of mechanical properties that 
enabled comparisons between the uniaxial tensile properties of the aortic and 
pulmonary leaflets. 
The preconditioning data was used to check that the required cycles were applied, that 
is to "physiological" loads as programmed. Data saved by the Instron system was in a 
form that required conversion into ASCII, thus enabling analysis to be performed with 
the software package Excel6. The displacement and load data had been saved in 
Imperial units (inches and pounds) and was converted to metric units for the analysis. 
The analysis for a specimen was as follows: 
" The file was opened into an Excel worksheet and the data rearranged for ease of 
manipulation. 
" The specimen width, thickness, and measured gauge length were converted into 
meters and the cross-sectional area of the specimen calculated in m2. Displacement 
and load data, were converted into units of millimetres and Newtons respectively. 
6Excel TMMIcrosoft Corp. USA 
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" The engineering stress (kPa) was calculated from the load and cross-sectional area 
of the specimen (section 3.2). 
" As the specimen had been unloaded prior to testing, the value for stress which was 
closest to zero (0 kPa) after which stress steadily increased (example in Appendix 
III), was taken as the point when the test began. 
" The "true" gauge length for the start of the test was calculated as the sum of the 
displacement when the test started and the `measured" gauge length. 
" The strain was calculated as the (length of the specimen - the true gauge 
length)/(the true gauge length) (section 3.2). 
" Once all the specimen data had been calculated, stress/strain curves were drawn for 
aortic valve circumferential (HAC) and radial specimens (HAR), and pulmonary 
valve circumferential (HPC) and radial (HPR) specimens. 
"A summary worksheet was designed (see Appendix Ii"t) into which, specimen 
thickness, cross-sectional area, strain at 200 kPa stress, stress at 5,10,20 and 30% 
strain, Lower Modulus (Elow), Upper Modulus (Eup) and failure stresses were 
inserted for each of the specimens. 
An example of this analysis can be found in Appendix IV. 
The conversion of porcine data and quasi-static calculations for stress and strain were 
performed in exactly the same manner as for human specimens. The viscoelastic 
parameters for the fresh porcine stress relaxation data were obtained in the following 
manner: - 
" The point of maximum stress at the start of the relaxation test on the worksheet was 
taken to be at time 0 (4 = zero, see figure 17). 
" As the sampling rate was known to be 5 points per second, in the adjacent column to 
the stress data, a time reference scale was inserted. 
" The stress data from the relaxation test was normalised using the maximum stress 
value thus enabling easier comparison of the relaxation curves for all the specimens. 
" This normalised stress represented the reduced relaxation function G*(ý). 
" The stress relaxation data were plotted and compared for the two specimen 
directions (radial and circumferential). 
" The viscoelastic parameters, k*, 0, * and 02* were then calculated, (as shown below) 
from the model proposed by Fang (Fung 1972 see chapter 3), via the procedure 
outlined by Sauren (Sauren 1981). 
59 
4: METHODS 
Sauren assumed that the reduced relaxation function (G*()), approached infinity 
(G*(oo)) at 120 seconds. On inspection my data agreed with his findings. To 
determine an accurate value of G*(oo) an average of G*(ý) from 150 to 180 seconds 
was taken. This was done to reduce the error introduced in the data due to noise. 
Therefore at G*(co) where the reduced time (4) approaches infinity (from equation 3), 
x -1 
2 G* ` ......................................... ... .... 
Equation 4 (°O) =1+k In 
G*(oo) was then used to calculate the function H(4) (equation 5): 
E, - E, - 
H(ý) 
G*(ý)-G*(oo) 
-2e.. Equation 5 - 1-G*(oo) -a 
a In 
e* 
...................................................................... Equation 6 e, 
1101 *«4« 02* then: 
aH(ý) =E -y - In Equation 7 1 ez Bz 
where the series expansion of E1(ß/02*) was used and y is Euler's constant (0.577). 
Therefore H(ý) can be approximated by a linear function of ln(ý) in the range 01* « 
« 02*. 
H(4) data were plotted against ln(F, ), and the linear part of the curve was found by 
inspection to be between 0.2 seconds to I minute. A best fit curve was produced for 
each H(ý), as there was a lot of noise in the data (noise ; --4% peak to peak of the initial 
load 0.75N) (figure l9). Little of the later portion of the experimental H(, ) curve was 
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taken, because this would have forced the best fit line to flatten out, as there were a 
proportionally greater number of data points there. 
1.20 7 
. -. 
, ý. f' ý ý 
-2 
Experiment 
Best fit 
rTý 
ý 
_. _ ý 
02 
Ln time 
Figure 19: The function H(E) against In(E) 
4 
From these curves it was possible to calculate a= (1/gradient), 
Also if 
X =1n(B2 
) 
-Y 
6 
then equation 7 could be rewritten 
aH(ý) = -ln(e) +X......................................................... Equation 8 
enabling calculation of X (intercept x a), and thus: 
02* = exp( y+ X) .............................................................. Equation 9 
01* = 0Z*exp(-a) ............................................................. Equation 10 
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1-c*(ý) k*= 
G*(oo) 
.................................................... Equation 11 
These Jertved values could then be substituted back into equation 3 to produce a 
theoretical curve (e. g. figure 34 in chapter 5). 
4.2.6. Statistical analysis for fresh leaflet tests 
A t-test compares the means of two sets of data, by determining the significance of 
differences between them (Cohen and Holliday 1982). It requires that the data is 
presented so that there is one variable with two groups. 
This test was therefore used to compare the fresh tissue leaflet samples, as in each case, 
only two sets of data are compared at any time for a given variable. The variables were 
the measurements, for example modulus, failure stress or thickness. The two groups to 
be compared could be separated on the basis of specimen direction - radial or 
circumferential, valve type - aortic or pulmonary and subject type - porcine or human 
(figure 20). 
Abbreviations 
HAC = Human aortic valve circumferential specimen 
HAR = Human aortic valve radial specimen 
HPC = Human pulmonary valve circumferential specimen 
HPR = Human pulmonary valve radial specimen 
PAC = Porcine aortic valve circumferential specimen 
PAR = Porcine aortic valve radial specimen 
PPC = Porcine pulmonary valve circumferential specimen 
PPR = Porcine pulmonary valve radial specimen 
Treatment F= Porcine fresh aortic leaflet 
Treatment H= Human fresh aortic leaflet 
Direction C= Circumferential 
Direction R= Radial 
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HAC HAR HPC HPR PAC PAR PPC PPR 
Comparison 
UJ I II I Direction 
21 Valve 
IIII Valve 
I3I 
II 
II 
Figure 20: Outline of statistical comparisons for fresh tissue study. 
Subject 
Subject 
Subject 
Subject 
All the combinations of comparisons are represented in the figure by two short vertical 
lines from the two specimen types linked via a horizontal line. Thus the line marked 1, 
represents a comparison between human aortic valve circumferential specimens with 
human aortic valve radial specimens (direction is compared). Line 2 results in a 
comparison of human aortic and pulmonary valves in the circumferential direction 
(valve type is compared), while line 3 compares human aortic circumferential specimens 
with the equivalent porcine specimens. 
There are two types oft-test, depending on whether the data is 'unpaired' (unrelated) or 
'paired' (related). 
Assumptions for unpaired t-tests include: 
" The scores in the two groups must be randomly sampled from their respective 
populations and independent of each other. 
" The scores in the respective populations should be normally distributed. 
Assumptions for paired t-tests: 
" The same as unpaired t-tests except, the test samples must be matched pairs. 
Prior to any statistical analysis one must set the hypothesis that is to be tested. For 
these t-tests the null hypothesis (Hp) and alternate hypothesis (H 1) were: 
Hp -= There is no significant difference between the means of the two populations. 
H1 = There is a significant difference between the means of the two populations. 
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Thus from figure 20 the null and alternative hypotheses for line 1, if the independent 
variable was thickness, would be: 
Hp = There is no significant difference between the mean thicknesses of human aortic 
circumferential and radial specimens. 
Hi = There is a significant difference between the mean thicknesses of human aortic 
circumferential and radial specimens. 
The null hypothesis is rejected or accepted, based on the difference between the 
experimental and calculated test statistics (t values) from the data. The calculated test 
statistic considers the number of samples in the populations, their variance and delivers 
the significance of the result. Statistical significance is usually quoted if there is a 95% 
probability that the differences between the means did not occur by chance (p<0.05, 
that is the alternate hypothesis is accepted). If the null hypothesis is rejected, the test 
statistic, degrees of freedom (df) and significance level are quoted. Ideally there should 
be at least 10 scores in each of the sets of data to be compared (Cohen and Holliday 
1982). 
The tests statistics are calculated in different ways for paired and unpaired t-tests. In 
paired t-tests the difference between the two sets of data is used to generate at 
statistic. Unpaired t-tests first determine if there is a significant difference between the 
variances of the two sets of data to be compared. If the variances do not differ, the t 
statistic is calculated with a pooled estimate of the variance for the two sets of data. If 
the variances do differ, the statistic is based on the separate variances of the two sets of 
data. Paired tests are considered more sensitive to differences in the data, as the two 
sets of data have the same number of scores, however unpaired t-tests use all the 
available data. 
Paired and unpaired t-tests were performed on the fresh tissue samples, comparing the 
thickness of the specimens, the low modulus, the strain at 200kPa, the upper modulus 
values and the failure stresses. The tests were performed using the statistical software 
package PCSPSS (Norusis 1988), after the data had first been prepared on Excel 
worksheets. 
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4.3. TREATMENT TESTS 
This section describes the development of a test program to explore the effect of four 
storage methods on a range of tensile properties of porcine aortic valves, based on the 
studies in the preceding section. Design of the test protocol including choice of storage 
methods, selection of specimen numbers, specimen sites and duration of test program 
will be explained. The quasi-static and viscoelastic test procedures are described with 
the sTaf . tºc'd ºvº, A A% at the end of the section. 
4.3.1. Treatment methods 
In conjunction with the advice of Mr. R Parker (RBH), four storage regimes were 
selected for study. The protocols for each of the treatments can be found in Appendix I. 
Treatment N- Antibiotic Solution (Gaya III) 
Treatment D- Cryopreservation 1 (DMSO) 
Treatment L- Cryopreservation 2 (Glycerol) 
Treatment G-0.4% Glutaraldehyde 
Treatments N, D and to a lesser extent L, are routinely used at the RBH. 
Glutaraldehyde was chosen for two reasons. Firstly, bioprosthetic valves are processed 
with glutaraldehyde, hence its effects are well documented. Secondly, its fixative nature 
has a pronounced effect on the tissue, so treatment results in a definite change in 
properties. This feature enabled this test to be used as a control for the apparatus (that 
is, it ought to be able to detect a difference between fresh and glutaraldehyde fixed 
materials). 
The order in which treatments were tested was determined by the number of 
procedures in its protocol, their length and assistance required. 
The antibiotic mixture was supplied and made at the RBH. Valves stored in antibiotic 
solution were kept in a fridge at 40C. The containers were not opened once the valve 
was placed within them, until the test date. Valves to be cryopreserved were initially 
dissected and placed in antibiotics at the University. They were transported back to the 
RBH on the same day. Within a week, DMSO or glycerol was added prior to their 
being frozen by a controlled decrease in temperature to -140°C (Appendix I). They 
were stored in the vapour phase of the liquid nitrogen freezer at the Homograft 
Department and returned to the University the afternoon before the test date. Valves 
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treated with glutaraldehyde were stored at the University at room temperature. These 
valves were not pressurised during fixation, but allowed to float freely within their 
fixative container (pot). 
4.3.2. Species 
It was not feasible to obtain the number of human valves required for the extensive test 
programme envisaged. Few human aortic homograft valves are discarded if they are 
suitable for surgical use. Porcine and bovine tissue for bioprostheses can be obtained 
relatively easily, bovine pericardial valves having the advantage of being bigger. 
Bioprosthetic valves are made from both these species, however since the onset of the 
virus Bovine Spongiform Encephalopathy (BSE), use of bovine material has been 
significantly reduced. By these means of elimination porcine tissue becomes the 
favoured test model. Porcine aortic valves alone were tested, as there was insufficient 
time for pulmonary valve tests. 
For human homografts it is essential that valves be prepared under sterile conditions, 
the size of this test series and the unavailability of suitable isolation equipment, 
prevented porcine valve preparation in this manner. The tests were however carried out 
under clean conditions and every care was taken to avoid contamination. In porcine 
bioprosthetic manufacture they would be sterilised. 
4.3.3. Number of specimens 
Biological variation is large. To provide statistically comparable results therefore, large 
numbers of specimens had to be tested, to ensure that the mean values calculated 
represented the population at large (Rees 1985). A sample size of 12 valves per 
comparison (that is 18 circumferential leaflets and 18 radial leaflets), was used. Use of 
12 valves was also feasible within the logistic constraints of preparing and testing the 
specimens. Therefore, overall 144 aortic valves were tested (432 cut leaflet specimens), 
at the rate of 36 valves per treatment and 36 specimens per month per treatment. See 
figure 21 for explanation. 
4.3.4. Duration of tests 
Specimens were no longer considered to be fresh after 48 hours in saline, hence 
dissection and specimen preparation had to be done within this time. On average it took 
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144 Fresh porcine valves 
// \\ Antibiotics DMSO cryopreserved Glycerol cryopreserved Glutaraldehyde 36 valves 36 valves 36 valves 36 valves 
Months Months Months 
/I\ 
123123123123 
Per Month 
12 valves 
36 leaflets 
18 Radial - (12 Coronary specimens, 6 Non-Coronary specimens) 
18 Circumferential - (12 Coronary specimens, 6 Non-Coronary specimens) 
Figure 21: An illustration of the number of samples in each test group. 
10 minutes to dissect a heart, 10 minutes to cut and prepare three leaflet specimens and 
15 minutes for the entire tensile test per specimen (5 minutes exposure to atmosphere), 
while collecting the hearts from the abattoir took 2 hours. These times were used to 
design a timetable which involved heart collection and dissection on one day, for a 
particular treatment, with specimen preparation on the day prior to testing. 
At the RBH specimens are kept in antibiotics for not less than 1 day, but no longer than 
1 week before freezing, while other centres keep valves stored in their antibiotic 
solutions for longer (up to three monthsXsection 2.5). Cryopreserved aortic and 
pulmonary valves can be stored for 5 years, although due to their high demand are 
usually used well before then. Glutaraldehyde preserved bioprostheses have 'use by' 
dates of 3 or 4 years. Studying the effects of the treatments over three months was 
decided as a reasonable length of time, as homografts from valve banks are usually used 
within this time. 
4"3"5 Quasi-static and viscoelastic test protocol 
The same dissection protocol, mechanical tests and subsequent calculations were 
carried out on treated valves, as for porcine fresh valves (section 4.2). This enabled the 
results from the porcine fresh tests to be used as controls for comparison with the 
behaviour of treated tissue. 
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Tensile and stress relaxation tests were performed on the same machine and in the same 
manner as the fresh human and porcine tests. The stress relaxation parameters, 01*, 02* 
and k*, were only calculated for those mean relaxation curves, falling outside the 
standard deviations for fresh tissue specimens. 
4.3.6. Statistical analysis for treatment tests 
The analysis of variance (ANOVA) technique when extended is called multivariate 
analysis of variance (MANOVA)(Howell 1987). MANOVA determines the main effect 
and interactive effects of two or more independent variables on the dependent variable. 
The effect of direction, treatment and time (month) may, for example, be compared for 
the low modulus values (table 12). For these reasons this technique was used for the 
analyses of the specimens that had been treated. With MANOVA, the between group 
variance (explained, mean square in MANOVA results, see table 12) may be split to 
resolve the effect of the direction of th ; specimen on the low modulus (a main effect), 
the effect of treatment on the low modulus (a main effect) and the interactive effect 
(two-way interaction) of direction and treatment on the low modulus (table 12). 
Furthermore, MANOVA enables an examination of the effect of all the independent 
variables together (three-way interaction) on the dependent variable. 
The assumptions for MANOVA are the same as those for t-tests: 
" Scores are measured on an interval scale, 
" Samples are taken at random, 
" Samples are taken from normally distributed populations, 
MANOVA only determines the overall significant effect of the independent variables on 
the dependent variable, for example treatment might show a significant effect on the 
low modulus, but it is not known which treatment shows the most effect. Post hoc 
analysis is then implemented using one-way analysis of variance (ANOVA) followed by 
a Scheffe test (Cohen and Holliday 1982). ANOVA determines if there is a significant 
difference between the means of more than two groups of data, by calculating an F 
statistic. The total variance within the data is accounted for by the between groups 
variance (explained) and the within groups variance (residualxe. g. table 13). Hence 
the F statistic is the ratio of the between groups variance to the within groups variance 
(table I')). The assumptions for ANOVA are the same as those for MANOVA. 
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The ANOVA should confirm that a difference occurs between the treatments (table 
14), while the Scheffe test would indicate which treatments' low modulus values 
differed (table 15). The Scheffe "S" test is commonly applied to groups of unequal size. 
It calculates the limits of a confidence interval (I) for each difference between the 
means (table 15), for a given level of significance (p<0.05 in this analysis). When I is 
smaller than the difference between two means, they differ significantly (Cohen and 
Holliday 1982). 
The null hypothesis (Hp) and alternative hypothesis (H1) for a one-way ANOVA state; 
HO = that there was no significant differences between the means of the groups for the 
variable. 
Hl = that there were significant differences between the means of the groups for the 
variable. 
An example for the null hypothesis might be, that for the low modulus, there was no 
significant difference between the 6 treatments. 
Four variables were considered from the quasi-static test data (section 4.2); low 
modulus (Elow), strain at 200kPa, upper modulus (Eup) and failure stress. Significant 
results from all of the analyses were tabulated. The mean and standard deviation, for 
each dependent variable were graphically displayed on barcharts for specimen 
direction, treatments and time (figures 41 to 44). 
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CHAPTER 5: 
RESULTS 
5.1. INTRODUCTION 
The results chapter has been separated into two sections; the first deals with the fresh 
tests while the second with the treatment tests. Each section contains the quasi-static 
and stress relaxation tests and the statistical analysis for these sets of data. The results 
are summarised at the end. 
5.2. RESULTS FOR FRESH TISSUE TESTS 
Abbreviations 
HAC = Human aortic valve circumferential specimen 
HAR = Human aortic valve radial specimen 
HPC = Human pulmonary valve circumferential specimen 
HPR = Human pulmonary valve radial specimen 
PAC = Porcine aortic valve circumferential specimen 
PAR = Porcine aortic valve radial specimen 
PPC = Porcine pulmonary valve circumferential specimen 
PPR = Porcine pulmonary valve radial specimen 
5.2.1. Fresh quasi-static human and porcine tests 
The results from the paired and unpaired t-tests were exactly the same, so the more 
sensitive paired t-test results have been quoted (t statistic, df and significance p). The 
results are presented in the form of figure 20 to identify the comparisons, with the 
variable stated in the upper left hand corner. The direction of the differences are noted 
to the right of the relevant bars with the statistical data on each of the lines. Tables 
containing the mean data for all the samples, their standard deviations, t values, p 
values and df for the paired data can be found in Appendix III. 
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As anticipated, cycling of the specimens was required to ensure that a stable repeatable 
curve was produced (figure 22) (section 3.2). Cycling to 0.75N resulted in hysteresis. 
Some plastic deformation occurred due to the pre-conditioning (seen as a shift of the 
curves to the right). This response was universal in all the specimens tested. 
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Figure 22: The stress/strain response curve for a circumferential leaflet specimen 
when cycled 20 times. 
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Figure 23: The relationship between strain rate and upper modulus for human aortic 
and pulmonary leaflet specimens. A) circumferential specimens, B) radial specimens. 
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Lee and co-workers (1984a) indicated that strain rates of between 0.5 and 50mm/min, 
did not significantly alter the stress/strain response of porcine aortic radial specimens, 
while circumferential specimens were only slightly dependent. My strain rates were 
kept in a much narrower range to avoid any strain rate effects on the data. In figure 23 
it can be seen that this aim was achieved. 
It was immediately obvious that there was a large spread in the data. Figure 24 is an 
example of the typical spread seen in the stress/strain graphs for all the specimens. This 
indicated the need for statistical analysis to determine if any of the observed differences 
were significant. 
Scatter diagrams for the variables also indicated the spread in the data, in addition to 
providing an indication of the differences between the specimen types, e. g. figure 25. In 
the example scatter plot it can be seen that porcine aortic circumferential specimens 
(PAC) appear to fail at higher stresses, however it is more difficult to ascertain if there 
are any significant differences between the other specimens. 
0 10 20 30 40 50 60 
Strain (%) 
ý 
Figure 24: Stress/strain curves to failure for fresh human pulmonary leaflet specimens 
in the circumferential direction. 
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Figure 25: Scatter diagram of failure stresses for human and porcine fresh 
circumferential specimens. 
The stress/strain curves for each specimen (e. g. figure 24), indicate that the leaflets 
exhibited the four distinct regions associated with soft biological materials (chapter 
3.2). The failure stress (point at which a sudden drop in stress occurs) could be 
misleading. For example, the curve furthest left in figure 24 exhibited an initial failure at 
around 600kPa, but consequently underwent an increase in stress until the specimen 
ultimately failed at around 2000kPa (table 8). This jagged type of failure, characteristic 
of collagenous tissues, was quite common, but was not related to failure in the clamp 
region (section 3.2). This was determined by marking the specimen at the clamp edges 
with ink. When the test began, the movement of the ink mark was monitored. If the 
mean data for failure stress of human specimens is compared to the absolute failure 
stress (fail ab), which was calculated using the maximum values prior to complete 
failure of the specimens, the disparity between these two failure stresses and the 
consequent potential error can be shown. Failure stress however wh, taken as the point 
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of failure, as it indicated the first potential loss in load bearing capacity of natural 
leaflets in vivo. 
Fresh Aortic Specimens Fresh Pulmonary Specimens 
Circumferential 
Human Porcine 
Radial 
Human Porcine 
Circumferential 
Human Porcine 
Radial 
Human Porcine 
n 23 21 22 18 22 21 14 18 
thickness (mm) 0.67 0.59 0.64 0.51 0.50 0.54 0.44 0.44 
stn 200 (%) 10 12 23 26 14 11 25 29 
str 5 (kPa) 50 32 10 7 49 41 10 9 
str 10 (kPa) 208 213 35 20 189 226 35 27 
str 20(kPa) 787 1359 109 106 635 847 98 120 
str 30 (kPa) 1383 2643 132 210 973 1416 132 213 
Elow (kPa) 0.63 0.51 0.15 0.15 0.52 0.50 0.17 0.13 
Eup (kPa) 6.13 15.84 1.40 1.58 5.91 7.29 1.27 1.21 
Fail stress (kPa) 1197 4218 190 477 1083 2042 192 283 
Fail ab (kPa) 1334 261 1327 228 
Table 8: Table of mean parameters calculated from the tensile tests on fresh tissues. 
n= number of specimens stn 200 = strain at 200kPa 
stn 5= stress at 5% strain Elow = lower modulus 
Eup = upper modulus Fail ab. = absolute failure stress 
From table 8 it can be seen that aortic leaflet specimens appeared to be thicker than the 
equivalent pulmonary specimens, in agreement with the literature (section 2.5). 
However statistical analysis using t-tests showed that only human leaflets were 
significantly different in each direction (radial / circumferential- see figure 26). The 
same was not true for porcine spe.,; nwn ! figure 26). Porcine pulmonary circumferential 
specimens were significantly thicker than porcine pulmonary radial specimens and 
human aortic radial specimens were significantly thicker than porcine aortic radial 
specimens (figures 26). The appearance of the human and porcine leaflets supported the 
statistical results. The lack of difference between the porcine v^L*sfýc C was surprising. 
The cause can be attributed to the young age of the animals, or more Uely due to the 
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different constitution of the animals. The difference between HAR and PAR was also 
unexpected, but was ascribed to the poorer quality of the human aortic leaflets. 
Mean curves were derived for each of the specimen types for an initial comparison 
(figures 27 and 28). These curves were plotted up to strains of 30% only because of 
variability in the failure data. The most obvious indication was that in all the valves, the 
respective circumferential specimens were stiffer, less extensible and failed at higher 
stresses than the radial specimens. Transition to high modulus region from low modulus 
appeared to occur at similar strains for both circumferential and radial porcine 
specimens. For human specimens transition occurred at lower strains in the radial 
direction. The standard deviations on these curves highlight the problem of spread 
within the data. 
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Figure 27 Average stress/strain curves for circumferential specimens from human and 
porcine fresh leaflets. 
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Thickness 
HAC HAR HPC HPR 
NS NS 
P<0.005 
L r--3.25 dt=21 
HAC > HPC 
P<0.01 
r--2.63 df=11 
HAR > HPR 
The above results indicated that human aortic specimen thickness was not dependent on 
direction, nor was pulmonary specimen thickness. 
PAC PAR PPC PPR 
L NS 
p<0.01 
r--2.50 dF17 
NS 
NS 
PPC > PPR 
HAC HAR HPC HPR PAC PAR PPC PPR 
NS 
P<0.01 
r--2.91 d1=15 
HAR > PAR 
NS 
NS 
Figure 26: Statistical analysis by t-tests comparing the thicknesses of fresh 
leaflet specimens. 
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Figure 28: Average stress/strain curves for radial specimens from human and porcine 
fresh leaflets. 
The statistical comparisons for Elow, Strain 200, Eup and failure stress between human 
and porcine leaflets and for each subject are presented in the following 1; w¬ . 
The paired t-tests indicated a significant difference between the strains at 200kPa for 
human and porcine aortic specimens in the circumferential direction (HAC and PAC), 
whereas the unpaired t-test did not (figure 30). The number of samples was reasonable 
(df = 14) for the comparison, so this was not the cause of the disparity. The anomaly 
might have been due to spread in the scores for these two populations. However, the 
means and standard deviations for strain at 200kPa for HAC and PAC data, did not 
differ much (paired HAC mean was 9.99% with a standard deviation of +/-3.96, while 
the respective PAC values were 12.26% +/- 4.89, unpaired HAC 9.95% +/-3.58, PAC 
11.71% +/- 4.80). It was decided to accept the result from the paired t-test, that there 
was a difference between the strain at 200kPa for these two populations, as this was the 
more sensitive test (figure 31) 
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Low Modulus (Flow) 
HAC HAR HPC HPR 
p<o. 001 
r--3.61 d1=19 
P<0.001 p<0.05 
r--3.61 df=19 
HAC > HAR r--2.53 df=10 
NS 
NS i PAVC PAVR PPVC PPVR 
P<0.01 
Y2.47 dF13 
HPC > HPR 
PAVC > PAVR 
p<0.001 
r--3.86 df=15 
PpVC > PPVR 
NS 
NS 
RAC HAR HPC HPR PAC PAR PPC PPR 
NS 
NS 
NS 
NS 
Figure 29: Statistical comparison between the law modulus behaviour of the 
specimens. 
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Strain at 200kPa 
HAC HAR HPC HPR 
P<0.001 
r--5.26 d1=7 i HAC < HAR 
p<0.05 
t=3.13 df=24 HPC < HPR 
NS 
NS 
PAC PAR PPC PPR 
P<0.001 p<0.05 
PAC < PAR PPC < PPR r--7.07 df=11 r--5.15 df=12 
NS 
NS 
I 
HAC HAR HPC HPR PAC PAR PPC PPR 
p<0.05 
r--2.32 di=14 
HAC < PAC 
NS 
NS 
I NS 
Figure 30: Statistical comparison behveen the strain at 200kPa for the specimens. 
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HAC HAR HPC HPR 
P<0.001 
t=6.06 df=21 
HAC > HAR HPC > HPR 
P<0.005 
r--3.42 dF13 
NS 
NS 
PAC PAR PPC PPR 
P<0.001 p<0.001 
t=10.67 df-16 
PAC > PAR 1t=6.94 dF17 
P<0.001 
Lr--5.81 df=19 
PPC > 
PAC > PPC 
NS 
PPR 
HAC HAR HPC HPR PAC PAR PPC PPR 
p<0.001 
r--5.24 df=19 
HAC < PAC 
NS 
i NS 
Figure 31: Statistical comparison between the upper modulus behaviour of the 
specimens 
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HAC HAR HPC HPR 
P<0.001 P<0.001 
t--5.00 df=20 FiAC 
> HAR r-4.44 df=12 t--5.00 df=20 
NS 
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PAC PAR PPC PPR 
p<0.001 p<0.001 
PAC > PAR r=-10.42 df--14 
PPC > PPR 
r-9.67 d1=15 r=-9.67 d1=15 ý 
P<0.001 L x-4.41 df=16 
t=4.44 df=12 
PAC > PPC 
P<0.001 
r--5.28 df=14 
PAR > PPR 
RAC HAR HPC HPR PAC PAR PPC PPR 
P<0.001 
r--8.28 df=18 
HAR < PAR 
p<0.005 
r--3.29 df=17 
HPC < PPC 
p<0.001 
r--5.24 di=10 
HPR < PPR 
Figure 32: Statistical comparison between the failure stresses for the specimens 
HAC < PAC 
p<0.001 
t--8.93 df-- 15 
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5.2.2. Fresh porcine stress relaxation 
The mean stress relaxation curves for fresh porcine aortic circumferentzot and radial 
specimens shows that circumferential specimens relax to a greater extent than do radial 
with less variation in their behaviour (figure 33). 
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Figure 33: Average stress relaxation curves for porcine fresh specimens, with 
standard deviations. 
It was not the aim of this project to design a model to describe leaflet properties. On 
application of an existing model, the 'goodness of fit' between the experimental and 
theoretical curves indicate that the model was correctly applied (figure 34). This meant 
that the relaxation parameters used to assess the relaxation behaviour of the leaflet 
specimens were correctly calculated. In figure 34 two circumferential specimens at the 
furthest deviations from the mean were plotted to show that the spread in the data did 
not affect the fit of the model. 
Statistical analysis with paired t-tests confirmed that circumferential specimens relaxed 
more than radial specimens (36% +/- 12% and 22% +/- 6% respectively) over 150 
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seconds. This supported the significantly larger value for k* found for circumferential 
specimens than radial (t=3.83, p<O. 0C'1, df = 11) (table 9). There is a large deviation in 
the 01* data, particularly for circumferential specimens, which is unexpected as figure 
33 indicates greater spread within the radial data (see discussion). The parameters 01* 
and 02* were significantly smaller for circumferential specimens than radial (t = 2.22, 
p<0.05, df = 11 and t= 4.17, p<0.001 df = 11 for 01* and 02* respectively). 
According to Sauren's (1981) interpretation of the influences these parameters have on 
the specimens relaxation behaviour, the indication is that circumferential specimens 
relaxed faster than did radial (section 3.5). 
Fresh PAC 
± std. dev. 
Fresh PAR 
± std. dev. 
t p< df 
0 1* ( o) 0.19 ± 0.24 0.52 ± 0.44 2.22 0.05 11 
0 2* 243 ± 37 312 ± 71 4.17 0.001 11 
k* 0.08 ± 0.04 0.04 ± 0.02 3.83 0.001 11 
(std. dev. = standard deviation) 
Table 9: Statistical analysis of relaxation parameters calculated for the fresh porcine 
aortic specimens. 
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Figure 34: Experimental and theoretical stress relaxation curves for two 
circumferentialfresh porcine aortic leaflet specimens. 
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5.2.3. Summary of results from fresh tests 
Similar findings were revealed from the statistical analysis of fresh tissue to those 
anticipated from the results (section 4.2.3). 
The results indicated: 
1. Human leaflet circumferential specimens were stiffer (low and upper modulus), less 
extensible at 200kPa and failed at higher stresses than human radial specimens. 
2. Human aortic leaflets were significantly thicker than human pulmonary leaflets. 
3. Unlike porcine radial specimens few human radial specimens achieved stresses of 
200kpa. 
4. Porcine circumferential specimens showed the same relationship to radial specimens 
as seen in human specimens. 
5. Porcine pulmonary circumferential specimens were significantly thicker than radial 
pulmonary valve specimens. 
6. Porcine circumferential aortic specimens (PAC) exhibited significantly higher 
stiffness in the upper modulus region and failed at higher stresses than porcine 
pulmonary circumferential specimens (PPC). 
7. Porcine aortic specimens failed at higher stresses than porcine pulmonary 
.. specimens. 
8. The low modulus for human and porcine aortic and pulmonary valves tested in each 
direction did not differ. 
9. Human aortic radial specimens (HAR) were {ýic+cey_ 4+, kr, porcine aortic radial 
specimens (PAR). 
10. All the porcine specimens failed at significantly higher stresses than their human 
counterparts. 
11. Human aortic circumferential specimens (HAC) were not as stiff in the upper 
modulus region, nor as extensible at 200kPa as the porcine aortic circumferential 
specimens (PAC). 
12. Porcine aortic circumferential specimens relaxed significantly Mare than porcine fresh 
radial specimens. 
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Abbreviations 
Treatment N= Antibiotic Solution (Gaya III) 
Treatment D= Cryopreservation 1 (DMSO) 
Treatment L= Cryopreservation 2 (Glycerol) 
Treatment G=0.4% Glutaraldehyde 
Fresh (F) = Fresh porcine aortic specimen 
C= Aortic valve circumferential specimen 
R= Aortic valve radial specimen 
1= Month 1 
2= Month 2 
3= Month 3 
NS = Not significant 
5.3.1. Results from the quasi-static tests on treated specimens 
The spread in the curves as noted in the fresh tests was also apparent in the treated 
specimens, as was the shift of the stress/strain curves towards the right during cycling 
of the specimen prior to tests to failure. Tables 10 and 11 summarise the mean effects 
of the treatments and time on the tensile properties of the specimens, in the 
circumferential and radial directions. 
It is immediately apparent that the differences between the radial and circumferential 
directions, as observed for the fresh tissues (section 5.2), persist regardless of treatment 
effects or time. 
As the tests were performed to determine if the treatments had changed tissue 
behaviour from its fresh response, the fresh porcine data was included in the 
comparison. The effect of each treatment in the circumferential direction over time, are 
represented by the mean curves in figw-e 35. The results for the treatments per month 
are compared with those for fresh circumferential specimens in figure 36. These graphs 
do not follow through to failure, but are plotted from the mean values upto 30% strain 
for the test being described (section 4.2.5). Glutaraldehyde specimens achieved 
transition at higher strains than any of the other specimens as shown in figure 37. 
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Figure 37: Stress/strain curves for circumferential specimens after one month in 
glutaraldehyde. 
From the stress/strain curves (figures 35 and 36) and table for treated circumferential 
specimens (table 10) it can be seen that; 
" all the specimen types have transitions at similar values to fresh tissues regardless of 
time, except glutaraldehyde. 
" DMSO cryopreserved specimens most closely follow fresh specimen behaviour, with 
the least spread in the response. 
" antibiotic specimens have the greatest spread in the stress/strain curves compared to 
fresh tissues and a consistently lower slope in the upper modulus region. 
" glutaraldehyde specimens have similar upper modulus regions to that of other 
specimens, except that they are achieved at higher strains (figure 37 and table 10). 
Figure 38 shows the mean curves for each of the treatments with time in the radial 
direction. Figure 39 indicates how the treatments compared to each other per month, in 
the radial direction. Again the glutaraldehyde specimens transition was at a higher strain 
than the others, hence these results are shown in figure 40. Other than glutaraldehyde 
treated specimens, all the treatments closely followed fresh tissue stress/strain 
responses. 
89 
5: RESULTS 
C 
.ý 
ý v N 
ý ii i.. - ýcýG (ed)l) SSeßS 
x0 
äC 
.ýü 
'b ö 
+ II 
uQ 
VU 
ý: 
PV 
ý 
J 
ý 
5O 
i 
I 
s 
ý 
C ý '° aý 
.ýI 
H 
E. 
_R 
ý ý 
C) 
L. 
L1. 
ý, ý ý, '; ý, _ý 
", 
ýi -r NN- 
(ed'l) ssegS 
`ý wýZ 
f ý, 
ý 
C .ý 
ý r C') 
u 
o 
-t 
(ed)l) SseAS 
04 
led3ll ss84S 
90 
C 
.ý 
i 
N 
ý ýý öý 
ý 
cý ý ýýý 
.+ý 
.. a 
ýM ýI 
ý 
iý_ ýo öý ... 'ý M 0 'C3 N cIi "I- - QýO 
ýý II 
I r+ N 
2v 
Uhý 
'r O 
co) ýtiýý. 
wý 
ý UU 
ý"' LU 
ý 
ý 
Vý ýON 
(ed)l) "GAS 
OO 
O 
C) , =) oý= o= oöq o 
(Gd)ll SS6$S 
H 
5: RESULTS 
91 
5: RESULTS 
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Figure 40: Stress/strain curves for radial specimens after one month in 
glutaraldehyde. 
Treatment effects on the lower modulus response of the specimens 
The MANOVA results indicated that the direction of the specimen and treatment had 
strong main effects on the lower modulus (F = 190.43, p<0.001, F=6.17, p< 0.001 for 
the direction and the treatment respectively) (table 12). Time showed no significant 
effect on the lower modulus (F = 0.840, NS. ). The direction and treatment data 
therefore required further analysis (post hoc) to determine the details of the differences. 
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Source of Variation Sum of 
Squares 
DF Mean 
Square 
F ratio Signif 
of F 
Main Effects 
DIRECTION 26.768 1 26.768 190.43 0.000 
TREATMENT 4.31 5 0.864 6.170 0.000 
MONTH 0.217 2 0.108 0.840 0.457 
NS 
2-way Interactions 
DIRECTION by 
TREATMENT 
1.899 5 0.380 2.74 0.018 
DIRECTION by 
MONTH 
0.301 2 0.150 1.16 0.345 
NS 
TREATMENT by 
MONTH 
0.780 10 0.078 0.54 0.843 
NS 
3-way Interactions 
DIRECTION by 
TREATMENT by 
MONTH 
0.754 10 0.675 0.55 0.858 
NS 
Explained 34.942 35 0.998 7.228 0.000 
Residual 85.63 620 0.138 
Total 120.57 655 0.184 
Table 12: MANO6 A table for Elow 
Post hoc analysis for low modulus 
The ANOVA table (table 13), confirms that the two directions have significant 
differences. As only two groups were to be compared a Scheffe test was not required. 
The means of the two populations revealed that the circumferential direction was 
significantly stiffer than the radial (F==185.58, p< 0.001) (figures 4 1A and 8). 
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Source D. F. Sum of Mean F Ratio F 
Squares Squares Prob. 
Between 1 26.642 26.692 185.48 0.001 
Groups 
Within 654 93.935 0.144 
Groups 
Total 655 120.577 
Table 13: Analysis of Variance (ANOVA): Variable Elow By Variable Direction. 
When a similar ANOVA was performed for the differences between the low moduli of 
specimens from each of the groups as expected a highly significant difference was 
observed between the different treatments (table 14). Since there are more than two 
treatments, the Scheffe test must be used to elucidate where the difference occurs. 
Source D. F. Sum of Mean F Ratio F 
Squares Squares Prob. 
Between 5 4.206 0.841 4.698 0.001 
Group s 
Within 650 116.371 0.179 
Groups 
Total 655 120.577 
Table 14: Analysis of Variance (ANOVA): Variable Elow By Variable Treatment 
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Figure4l: Means and standard deviations for the low modulus (Elow) values of A) 
circumferential and B) radial aortic leaflet specimens, before and after treatments. 
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Scheffe Procedure 
Ranges for the p<0.05 level (t = 4.72) 
The value actually compared with Mean(J}Mean(I), where I and J are the means of the 
two populations being compared, was calculated with the following exQ esc o. . 
2.9939 * Range * Sgrt(1/N(I) + 1/N(J)) 
Group G L N 
IF H D 
Treatment G 
Treatment L 
Treatment N 
Treatment F 
Treatment H 
Treatment D 
(*) Denotes pairs of groups significantly different at the p<0.05 level. 
Table 15: Scheffe results for variable Elow by treatment. 
Group N- antibiotic treated tissues Group D- DMSO cryopreserved 
Group L- Glycerol cryopreserved Group G- Glutaraldehyde 
Group F- Fresh porcine Group H- Fresh human 
This analysis revealed that the lower modulus of glutaraldehyde treated tissues was 
significantly less stiff than that of fresh human and DMSO treated tissues (table 15, 
figure 41). 
The two way interactions indicated that direction and treatment had an interactive 
effect on the lower modulus (F =2.75, p<0.05) (table 12). Further analysis (one-way) 
between the directions, for each treatment, revealed that circumferential specimens 
were significantly stiffer than radial in all treatments (table 16). Another set of one-way 
ANOVA was performed to compare the difference between the treatments, in each 
direction. It was revealed that in the circumferential direction, glutaraldehyde was 
significantly less stiff than fresh hv~ and DMSO treated tissue, hence supporting the 
MANOVA results. In the radial direction, glutaraldehyde specimens were less stiff than 
fresh porcine, DMSO and fresh human leaflets (table 16). 
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Low Modulus low 
MANOVA F Ratio 
Si 
F 
gnificance 
dF 
Main Effect 
Direction 190.43 0.001 1 
Treatment 0.001 5 
Time (Month) NS 2 
2-Way Interactions 
Direction by Treatment 2.74 0.02 5 
Direction by Month 1.16 NS 2 
Treatment by Month 0.54 NS 10 
3-Way Interactions 
- 
Direction by Treatment b y Month 
]F 
0.55 NS 10 
ANOVA +F si . + Scheffe <0.05 results 
F Ratio 
Sig 
F 
nificance 
Scheffe 
Main Effect 
Direction 185.58 0.001 C>R 
Treatment 4.69 0.001 G<H, D 
Time (Month) 0.62 NS 
2-Way Interactions 
Direction by Treatment C 
R 
4.61 
5.59 
0.001 
0.001 
G<H, D 
G<H, F, D 
Direction by Month NS 
Treatment by Month Month 1 
Month 2 
Month 3 
NS 
NS 
NS 
3-Wa Interaction 
Direction by Treatment by Month NS 
Table 16: Summary of the statistical analysis of the effects of treatments on the lower 
modulus of the specimenas. Key: 
C= Circumferential direction R= Radial direction N= Antibiotic treatment 
D= DMSO cryopreserved L= Glycerol cryopreserved G= Glutaraldehyde 
H= Fresh human specimens F= Fresh porcine specimens 
I= Month 12= Month 23= Month 3 
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Treatment effects on the strain at 200kPa of the specimens 
The analyses indicated that treatment, time and direction all had main effects on the 
strain at 200kPa (F = 526.3, p<0.001, F=209.69, p<0.001, F=10.46, p<0.001 for 
direction, treatment and time respectively). One-way analysis of variance revealed that 
radial specimens were significantly more extensible than circumferential specimens at 
200kPa stress and Glutaraldehyde specimens were more extensible than any of the 
other specimens at this stress. Although time showed an overall effect, no two periods 
differed significantly when post hoc analysis was carried out (table 17, figures 42a and 
b). 
Direction and treatment again showed an interactive effect (F=36.13, p<0.001). Further 
to this, two sets of analyses of variance were undertaken to determine where the 
differences occurred (table 17). The results supported the ones produced by the 
MANOVA. Treatment and time also had an interactive effect on strain at 200kPa (F = 
6.85, p<0.001). The subsequent analysis again revealed that glutaraldehyde specimens 
were significantly more extensible than the other treatments at each time. Antibiotics, 
DMSO and glycerol extensibility at strain 200kPa were not effected by time. 
Glutaraldehyde specimens however, were significantly more extensible in month 3 than 
in month 1. 
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Strain at 200kPa 
MANOVA F Ratio 
Sig 
F 
nificance 
dF 
Main Effect 
Direction 526.3 0.001 1 
Treatment 209.69 0.001 5 
Time (Month) 10.46 0.001 2 
2-Way Interactions 
Direction by Treatment 36.13 0.001 5 
Direction by Month 1.95 NS 2 
Treatment by Month 6.85 0.001 10 
3-Way Interactions 
Direction by Treatment b y Month 1.2 NS 10 
ANOVA +F si . + Schelle <0.05 results 
F Ratio F 
Significance 
Schelle 
Main Effect 
Direction 198.38 0.001 C<R 
Treatment 91.65 0.001 G>H, D, F, N, L 
Time (Month) 3.13 0.05 NS 
2-Way Interactions 
Direction by Treatment C 
R 
129.77 
96.52 
0.001 
0.001 
G> all 
G> all 
Direction by Month NS 
Treatment by Month Month I 
Month 2 
Month 3 
NS 
NS 
NS 
3-Way Interaction 
Direction by Treatment by Month NS 
Table 17: Summary of the statistical analysis of the effects of treatments on the strain 
at 200kPa for the specimens. Key: 
C= Circumferential direction R= Radial direction N= Antibiotic treatment 
D= DMSO cryopreserved L= Glycerol cryopreserved G= Glutaraldehyde 
H= Fresh human specimens F= Fresh porcine specimens 
I= Month 12= Month 23 Month 3 
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Figure42 : Means and standard deviations for the values of strain at 
200kPa in A) circumferential and B) radial aortic leaflet specimens, 
before and after treatments. 
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U pper Modulus u 
MANOVA F Ratio F Si gnificance dF 
Main Effect 
Direction 1472.87 0.001 1 
Treatment 27.82 0.001 5 
Time (Month) 1.41 NS 2 
2-Way Interactions 
Direction by Treatment 26.55 0.001 5 
Direction by Month 2.42 NS 2 
Treatment by Month 2.18 0.05 10 
3-Way Interactions 
Direction by Treatment b y Month 1.65 NS 10 
ANOVA +F sig. ) + Scheffe <0.05 results 
F Ratio F Si nificance Schelfe 
Main Effect 
Direction 98.28 0.001 C>R 
Treatment 9.01 0.001 H<L, G, D, F 
N<F 
Time (Month) 0.42 NS 
2-Way Interactions 
Direction by Treatment C 
R 
27.83 
13.50 
0.001 
0.001 
i-F H< all, 
G< all, H<D 
Direction b Month NS 
Treatment by Month Month 1 
Month 2 
Month 3 
5.10 
4.34 
3.23 
0.001 
0.001 
0.001 
FG>H 
H<D, F 
H<F 
3-Way Interaction 
Direction by Treatment by Month NS 
Table 18: Summary of the statistical analysis of the effects of treatments on the upper 
modulus of the specimens. Key: 
C= Circumferential direction R= Radial direction N= Antibiotic treatment 
D= DMSO cryopreserved L= Glycerol cryopreserved G= Glutaraldehyde 
H= Fresh human specimens F= Fresh porcine specimens 
1= Month 12= Month 23= Month 3 
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Treatment affects on the upper modulus response of the specimens 
The MANOV'A results indicated main effects of direction (F=1472.87, p<0.001), and 
treatment (F=27.82, p<0.001) on the upper modulus. One-way analysis of variance, 
revealed that circumferential specimens were significantly stiffer than radial specimens. 
Fresh human specimens were not as stiff as any of the others, except those treated with 
antibiotics. Antibiotic specimens were significantly less stiff than fresh porcine tissues 
(table 18). 
Direction and treatment had an interactive effect on the upper modulus values (F = 
26.55, p<0.001). One-way analysis of variance results indicated that the circumferential 
direction was significantly stiffer than the radial direction for each treatment. It was also 
found that in both directions, the treatments significantly differed on the upper modulus 
values (table 18). The results for the circumferential direction are shown in table 19. 
Human fresh leaflets were significantly stiffer than any other leaflet type. Antibiotic 
treated leaflets were less stiff than DMSO, glutaraldehyde and porcine fresh tissues. 
Glycerol treated tissues were not as stiff as porcine fresh tissues. Radially 
glutaraldehyde tissues were less stiff compared to the other treatments and human 
specimens were less stiff than DMSO. These results are displayed in figure 43. 
Group H N L D G F 
Treatment H 
Treatment N 
Treatment L 
Treatment D 
Treatment G 
Treatment F 
* significantly differed at p<0.05. 
Table 19: Scheffe results for Variable Eup 8v Variable Treatment (circumferential). 
Group N- antibiotic treated tissues Group D- DMSO cryopreserved 
Group L- Glycerol cryopreserved Group G- Glutaraldehyde 
Group F- Fresh Porcine Group H- Fresh human 
Treatment and time also had a significant interactive effect on the upper modulus values 
(F=2.18, p-0.05). Human tissues were less stiff than porcine fresh tissues (as expected 
from fresh tissue results, section 4.2). but also they were not as stiff as glutaraldehyde 
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Figure43: Means and standard deviations for the upper modulus (Eup) values of 
A) circumferential and B) radial aortic leaflet specimens, before and after treatments. 
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at month 1 and DMSO in month 2. Further analysis revealed that within each treatment, 
time did not affect the upper modulus. 
Treatment effects on the failure stresses of the specimens 
The failure stress data indicated that direction (F=1764, p<0.001) and treatment 
(F=110.69, p<O. 001) had strong main effects as well as an interactive effect on failure 
stress. Post hoc analysis for the main and interactive effects demonstrated the same 
results (table 20). Circumferential specimens failed at higher stresses than radial 
specimens. For the treatments, glutaraldehyde specimens failed at higher stresses than 
the other leaflets, while human specimens failed at the lowest stresses. Time showed no 
significant effect on the failure stress (figures 44a and b). 
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Failure Stress 
MANOVA F Ratio 
Sig 
F 
nificance 
dF 
Main Effect 
Direction 1764 0.001 1 
Treatment 110.69 0.001 5 
Time (Month) NS 2 
2-Way Interactions 
Direction by Treatment 75.17 0.001 5 
Direction by Month 0.76 NS 2 
Treatment by Month 1.35 NS 10 
3-Way Interactions 
Direction by Treatment b y Month 1.11 NS 10 
ANOVA +F s' . + Scheffe <0.05 results 
F Ratio F 
Significance 
Scheffe 
Main Effect 
Direction 685.58 0.001 C>R 
Treatment 27.79 0.001 H< all, G> all 
Time (Month) NS 
2-Way Interactions 
Direction by Treatment C 
R 
97.57 
0.44 
0.001 
0.001 
H< all, G> all 
H< all, G> A 
Direction by Month NS 
Treatment by Month Month I 
Month 2 
Month 3 
NS 
NS 
NS 
3-Wa Interaction 
Direction by Treatment by Month NS 
Table 20: Summary of the statistical analysis of the effects of treatments on the failure 
stresses of the specimens. Key: 
C= Circumferential direction R= Radial direction N= Antibiotic treatment 
D= DMSO cryopreserved L= Glycerol cryopreserved G= Glutaraldehyde 
H= Fresh human specimens F= Fresh porcine specimens 
1= Month 12= Month 23= Month 3 
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Figure 44- Means and standard deviations for the failure stress values of A) 
circumferential and B) radial aortic leaflet specimens, before and after 
treatments*. 
7 
9000 
8000 
7000 
6000 
5000 + 
4000 
ýT 
3000 ; 
0 
1000 ; 
2000 
T 
N1 N2 N3 DI D2 D3 LI L2 L3 GI G2 G3 FH 
Treatment 
Key 
N= Antibiotics 
D= DMSO cryopreserved 
L= Glycerol cryopreserved 
G= Glutaraldehyde 
Treatment 
I= Month 1  
2= Month 2  
3= Month 3  
F= Fresh porcine tissue r, C= Circumferential specimen 
H= Fresh human tissue ®R= Radial specimen 
106 
5: RESULTS 
5.3.2. Results from stress relaxation tests on treated specimens 
As had been observed for the fresh specimens there was a large spread in the specimen 
stress relaxation data for each treatment and time (e. g. figure 45). 
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Figure 45 : The stress relaxation curves for all the circumferential specimens after 
two months cryopreservation with DMSO. 
The mean circumferential stress relaxation curves for each of the treatments over the 
three months, are shown in figures 46 and 47. The stress relaxation curves of treated 
radial specimens are shown in figures 48 and 49. The effects of time for each treatment 
are most effectively viewed from figures 46 and 48, while the difference between the 
treatments at each time can be more readily gained from figures 47 and 49. 
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The relaxation parameters 01*, 02* and k* were calculated only for those specimens 
whose mean relaxation curve fell outside the standard deviation of the fresh leaflet 
relaxation curves for that specimen direction (for example, figure 46 circumferential 
glutaraldehyde specimens after 3 months storage). This was because of the lack of 
statistically significant difference found in comparisons within the quasi-static data, 
which had similar standard deviations. Similar differences between circumferential and 
radial specimens were found for treated specimens as were noted within fresh tissue 
samples; that is radial 01* and 02* were significantly larger than circumferential and 
circumferential k* values were larger than radial values. 
The relaxation curves for circumferential and radial specimens stored in antibiotics after 
3 months, fell just outside the standard deviations for fresh specimens (figures 46 and 
48), hence statistical analysis on the relaxation parameters were calculated for these 
curves. In the circumferential direction it was found that only 02* differed significantly 
from that value for fresh specimens, being significantly smaller (t = 4.57, p<0.001, df = 
11). In the radial direction, the antibiotic parameters 02* and k* after three months 
were significantly greater than and smaller than fresh specimens, respectively. This 
meant that circumferentially antibiotic specimens relaxed faster than fresh tissues, while 
radially they relaxed slower and to a greater extent. The relaxation curves for 
cryopreserved specimens (DMSO and glycerol) in both directions did not fall outside 
fresh tissue standard deviations and so were not analysed further (figures 46 and 47). It 
was assumed that these treatments did not change the viscoelastic properties of the 
tissue to any significant degree. 
Radial specimens treated with glutaraldehyde did not produce relaxation curves that fell 
outside fresh tissue behaviour either, although circumferentially they relaxed less. 
Statistical analysis was used to compare the circumferential glutaraldehyde relaxation 
data for storage after 3 months with the data for fresh tissue. It was found that the 
relaxation parameter k* was significantly smaller for circumferential glutaraldehyde 
specimens compared to fresh tissues (t = 4.45, p<0.001, df = 11), supporting the 
observation from the figures. Glutaraldehyde circumferential specimens for months 2 
and I were believed to have produced similar changes in relaxation properties although 
no statistical analysis was performed. The assumption was based on the fact that the mean 
antibiotic circumferential curves at month 3, were known to produce significant 
differences in tissue behaviour and they did not lie as far away from the mean fresh 
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Fresh Porcine Aortic Radial Specimens Compared with Antibiotic treated at Month 3 
Parameter Treatment Mean n t df Std. Dev. F value 
01* Fresh 0.517 12 1.54 11 0.437 NS 
Antibiotic 0.316 0.238 
02* Fresh 312.30 12 0.44 11 70.71 NS 
Antibiotic 297.67 57.94 
k Fresh 0.044 12 1.06 11 0.019 NS 
Antibiotic 0.050 0.014 
Fresh Porcine Aortic Circumferential Specimens compared with Treated at Month 3 
Parameter Treatment Mean n t ff Std. Dev. F value 
01* Fresh 0.186 12 2.1 11 0.243 NS 
Antibiotic 0.062 0.085 
02* Fresh 242.64 12 4.57 11 37.357 0.001 
Antibiotic 179.12 38.98 
k Fresh 0.078 12 0.85 11 0.038 NS 
Antibiotic 0.085 0.031 
Parameter Treatment Mean n t df Std. Dev. F value 
01* Fresh 0.186 12 0.18 11 0.243 NS 
Glutaraldehyde 0.210 0.346 
02* Fresh 242.64 12 0.17 11 37.357 NS 
Glutaraldehyde 245.97 54.955 
k Fresh 0.078 12 4.45 11 0.038 0.001 
Glutaraldehyde 0.030 0.005 
Table 21: Statistical analysis of selected relaxation parameters calculated for treated 
porcine aortic specimens. 
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relaxation curve as the circumferential glutaraldehyde treated specimens at 3 months 
(figure 46). 
5.3.3. Summary of results from treatment tests 
The statistical analysis for the treated porcine aortic leaflet specimens in the 
circumferential and radial directions, over a storage period of three months, indicated; 
1. Circumferential specimens were significantly stiffer (low and upper modulus), failed 
at higher stresses, were less extensible at 200kPa and relaxed more than radial 
specimens, regardless of treatment or length of storage. 
2. Glutaraldehyde specimens; 
" were less stiff in the lower modulus region circumferentially, than human 
fresh or DMSO treated specimens, and also porcine fresh specimens 
radially. 
" in the circumferential direction relaxed less than fresh leaflet tissue. 
" were more extensible at 200kPa than any other specimens. 
" in the radial direction were not as stiff as any other tissues. 
" failed at significantly higher stresses than any of the other specimens 
regardless of time or direction. 
3. DMSO cryopreserved tissues did not significantly differ from fresh tissues. 
4. Glycerol treated tissues were not as stiff (upper modulus) as porcine fresh tissues, 
but otherwise did not differ from fresh tissues. 
5. Circumferential antibiotic treated tissues experienced a lowering of upper modulus 
and by month 3, circumferential specimens relaxed significantly less than fresh 
tissues, while radially they relaxed more. 
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CHAPTER 6: 
DISCUSSION 
6.1. INTRODUCTION 
The chapter has been separated into three sections to enable separate discussion of the 
fresh and treatment tests and the issues pertinent to them. It concludes with a general 
discussion of the issues dealt with in this project. 
Universal to all the tests undertaken during this thesis and in agreement with the 
literature, circumferential specimens taken from porcine or human artereoventricular 
valve leaflets are significantly less extensible, more stiff and failed at higher stresses 
than radial specimens (see tables 6,8,10 and 11). All these properties can be 
attributed to the collagen, elastin and matrix quantities and interactions within the 
leaflet (section 2.5). The stress/strain curves produced for the uniaxial specimens are 
also in agreement with the literature, indicating a non-linear tensile response in both 
directions (figure 50). It can therefore be stated that valve leaflets behave in a non- 
linear, anisotropic manner. Stress relaxation experiments indicated the viscoelastic 
nature of the tissues. 
E 
Figure 50: Stress/strain curves for radial aortic specimens. (Adapted from Sauren 
1983). 1: Missirlis 1973, human valve; 2: Clark 1973, human valve; 3: Missirlis and 
Chong 1978, porcine valve; 1: Sauren 1981, porcine valve; this study, porcine 
valve. 
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Figure 51: Stress/strain curves for circumferential aortic specimens. (Adapted from 
Sauren et al. 1983). 1: Missirlis 1973, human valve; 2: Clark 1973, human valve; 
Missirlis and Chong 1978, porcine valve; 4: Sauren 1981, porcine valve; S this study, 
porcine valve. 
It is apparent from both table 6 and the above two figures, that there is considerable 
spread within the data from different groups for the `same' samples. Inconsistency of 
protocol is the underlying factor and many of the causes for this are noted in section 
3.4. It is therefore reasonable to suggest that for comparative tests within a study such 
as this one, a set protocol should be used. When comparing the properties of different 
specimen types measured by different authors it is better to consider relative 
differences in measured parameters rather than absolute values. Detailed examination 
of the data produced from the previous studies indicate large variations within data 
from an individual group. This is due to biological variation of the tissue samples and 
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is inherent when testing soft biological tissues. Regardless of these problems, my 
results fit in well with earlier studies (figures 50 and 51). 
In each direction, two of the three leaflets from one valve were tested (section 4.2.2). 
In all cases, the individual leaflet specimens show the same trends as those displayed 
when the specimen data were analysed as a whole. These data are not therefore 
presented in the thesis. 
Failure of the human specimens is not abrupt, although this ragged effect is not due to 
clamp problems (section 5.2.1). The cause is attributed to not all the collagen fibres 
being completely or even partially, gripped at either end. Hence on extension, 
uncrimping of each of the collagen molecules would not occur at the same time, but as 
the extension increased, successively more fibres would participate. In the same way 
failure would begin in one fibre, then another until the load on each of the molecules 
remaining would be more than they could support, and hence the ragged type of 
failure is seen (figure 24). 
6.1.1. Fresh tests 
The greater extensibility of radial specimens, that is their ability to achieve high strains 
at low stresses is attributed to the presence of proportionally more elastin fibres 
oriented in this direction through the tissues thickness (figure 8). Those collagen fibres 
that are present relatively thin and short when compared with the collagen fibres found 
in circumferential sections. Thus the lower upper modulus values and low failure 
stresses in radial specimens compared to circumferential, are related to the smaller 
collagen fibres present in them (section 2.5). The proportionally low amount of elastin 
in circumferential specimens accounts for the shorter low modulus region of their 
stress/strain curves, while their larger collagen bundles results in their greater stiffness 
and strength. The upper modulus and failure for circumferential and radial specimens 
falls outside the 'physiological' range of valves. However, as they reflect the condition 
of the collagen molecules, which have been defined as the major load-bearing 
components in leaflets, it is felt that for comparative purposes they provide useful 
information. 
The data generated on the properties of human aortic specimens in the two directions 
agrees well with that from previous studies, particularly Clark (1973) (see table 8 and 
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figures 51 and 52). The transition values to strain agree with them reported by Mavrilas 
and Missirils (1991). Radial transition strains are not in the order of difference 
anticipated by Clark (1973) or Missirlls (1973)(table 6). The cause of the larger 
transition strains measured by these two authors is probably due to their method of 
measuring the initial gauge length. Care was taken in my study to accurately determine 
this point (section 4.2.5). In earlier studies data was recorded onto chart paper and for 
radial specimens which have long low modulus regions, estimating initial uptake of 
load by the specimen could have proved difficult. Missirils' method of measuring the 
initial deflection by eye could not have improved accuracy. 
The strain at 200kPa is larger for human aortic radial specimens than circumferential 
and is in agreement with data in the literature. Failure stress in each direction is lower 
than that estimated by Yamada (1973), but his othe r measurements were also higher 
%, j k 
than those quoted by others. It is difficult to saylhis results differ sofas his technique 
was not well documented. His was also the only study to include human pulmonary 
specimens, which are again higher than mine. As the aortic data agree well with the 
other researchers data it can be assumed that his pulmonary data was also greater in 
value than that which would be expected. 
Surprisingly in this study no significant difference is found between the measured 
tensile properties of human aortic and pulmonary specimens in either the 
circumferential or radial direction, other than the relative thinness of the pulmonary 
specimens (table 8 and figure 26). 
Comparisons of the stress/strain curves for human aortic and pulmonary 
circumferential specimens indicate that these specimens have not progressed into the 
upper modulus region when in the 'physiological' range (figure 27). This implies that 
although some uncrimping of the collagen molecules occurs, the collagen molecules 
themselves experience little extension within their structure at these stresses (section 
2.5.1). This supports the findings of others (figure 51 and table 6). In addition, from 
the comparison curves of human aortic and pulmonary circumferential specimens 
(section 5.2.1), there is some indication that pulmonary specimens are not as stiff as 
aortic specimens in the upper modulus region. This apparent difference could have 
been due to the collagen bundles in pulmonary leaflets not being as thick as those in 
the aortic leaflets, which would support the finding that the pulmonary specimens were 
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significantly thinner than the aortic specimens (figure 26). Statistically no difference is 
observed between the upper modulus for aortic and pulmonary specimens, implying 
that the potentially reduced amount of collagen in pulmonary specimens, falls within 
the biological spread for aortic specimens - that is, some aortic specimens naturally 
posses this stiffiness. 
Two further features must be considered in interpreting these observations. The first is 
that, the difference in behaviour occurs outside the 'physiological' range anyway, so 
natural valves should not normally be affected by this difference. Secondly, and 
perhaps more significantly, the aortic specimen data is prone to more inaccuracies, due 
to atheroma and calcium deposits in the specimen. The human valves that were 
provided, were those that had been discarded or were not suitable for surgical use, 
hence these were not ideal fresh tissues. If calcium or atheroma deposits were present 
in a specimen the results from it were viewed with caution. Indeed part of the spread 
within the human data could be attributed to this. 
The strength of valve leaflets depends largely on their thickness. Pulmonary leaflet 
thickness is less than that for aortic, so pulmonary leaflet strength is probably greater 
than that for aortic leaflets. The differences in thicknesses measured in this study do 
not however indicate the differences in strength suggested by others (table 6). The 
accuracy of the method used for measuring thickness will therefore have serious 
implications in determining the mechanical suitability of pulmonary valves for surgical 
insertion into the aortic site. It is possible that the superior quality of the pulmonary 
leaflets (none possessed atheroma or collagen deposits), compared with the inferior 
aortic leaflets, could have produced an erroneous comparative thickness result. 
However the test procedure was designed to eliminate such difficulties by treating 
suspect specimens with caution, testing large sample numbers and removal of 
specimens from defined sites thereby limiting experimental variations. 
Surgeons may also be concerned with the more obvious differences between the aorta 
and pulmonary artery when considering using pulmonary valves in the aortic position 
(see Appendix I). This problem may be circumvented by adopting a surgical technique 
similar to one which already exists for AVRep with aortic valves. Here the aortic valve 
leaflets from the incompetent valve are removed only and the new valve, with artery, is 
inserted whole into the valve position. Thus a double layer of artery exists around the 
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valve. Many homograft valves fail due to atheroma or calcification in the artery wall 
rather than leaflets. Introduction of pulmonary artery which is less likely than aorta to 
have deposits of either atheroma or calcium at the time of replacement could reduce 
failures of this type. 
WO 
B 
Figure 52: Sections across a human pulmonary valve. 
A) Cross-section of a pulmonary, leaflet in the circumferential direction. (MAC 30 x) 
B) Cross-section of two human pulmonary leaflets in the radial direction. (MAC, Z0 x) 
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The cause of the similarity between human aortic and pulmonary specimen properties, 
might reside in the relative thicknesses of the leaflet layers (fibrosa, spongiosa and 
ventricularis). The fibrosa and ventricularis have been shown to have markedly 
different properties, which reflect the different roles they play in leaflet function 
(Vesely and Noseworthy 1992). If the fibrosa (major collagen containing layer) of 
pulmonary specimens was relatively thicker than the aortic, containing a greater 
quantity of finer collagen fibres, these combined with the relatively thinner collagen 
bundles, could produce the similarity of response with aortic specimens. Preliminary 
histological studies support this possibility (figure 52). 
The similarities of response for human aortic and pulmonary specimens, particularly in 
the low modulus region (most closely linked to physiological stresses), could be an 
embryological remnant. The pressure across pulmonary valves in neo-nates is equal if 
not greater to that across the aortic valve (personal communication, Dr. Gino Gerosa, 
University of Padova). Although this situation is rapidly reversed, with time after birth, 
it may account for the observed properties. 
Previous data showed a greater spread in porcine aortic specimen properties than the 
human studies (table 6). This is probably because more research has been undertaken 
on these valves for designs of bioprosthetic valves. The modulus values obtained in 
this study agree well with published data. Most of the other studies showed larger 
transition strains for radial specimens though. It is probable that my value is an 
underestimate as it is determined by using the average stress strain curves rather than 
taking a measurement. It is not calculated because the variations in the ways of 
determining transition vary considerably in the literature and are reflected in the wide 
range of values the other authors obtained. 
Porcine aortic and pulmonary leaflet specimens likewise display an anisotropic tissue 
response. This is in accord with histological observations, that human and porcine fine 
structures are very similar (section 2.2). Unlike the human thickness data, no 
significant difference was found between porcine aortic and pulmonary specimens 
(figure 26). This was in contrast to the measurements of David et al. (1994), who 
found that aortic specimens were significantly thicker. However, in agreement with his 
data, thickness did not vary with the orientation of porcine aortic specimens but 
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pulmonary circumferential specimens were thicker than radial specimens. The latter 
result is surprising and difficult to explain as it did not occur for any of the other valve 
specimens. The difference in results for the la#a+ case could have been due to the 
precision of the thickness measurements, which for both studies was +/-0.05mm. 
However when dissecting these leaflets to obtain the specimens it was apparent that 
the difference between the thickness of these leaflets was not as obvious as that for the 
human specimens. Nor were the differences between the arteries as obvious. The 
young age of the pigs or the fact that they are quadripeds could explain this difference. 
It is therefore concluded that the measurements in this study were accurate for the 
tissues used. The difference withLDavid and co-workers result could be due to the use 
of different varieties of pigs in the two studies. 
The high water content of the specimens makes it difficult to measure thickness 
accurately. Some authors have used existing equipment to measure thickness with an 
accuracy of +/-0.01mm (Pereira et al. 1990, Xi et al. 1992) , while others 
designed 
their own devices or used microscopes with calibrated eye-pieces, with an accuracy of 
+/-0.05mm (section 3.4). For comparative data within a study, a consistent 
measurement technique would be adequate, if the accuracy is satisfactory. 
Unfortunately, David and co-workers, do not describe their measurement method so 
some difference between their thickness measurements and those in this study must 
occur. 
In the low stress ('physiological' region), the porcine circumferential aortic and 
pulmonary specimens do not differ significantly. The circumferential aortic specimens 
however, have significantly higher upper modulus values than the circumferential 
pulmonary specimens. The results from the human specimens and the lack of thickness 
differences between the porcine specimens, led to the expectation that aortic and 
pulmonary porcine leaflets would not differ. One cause for the difference could lie 
within the fine structure of the specimens. The volume fraction of circumferentially 
oriented collagen fibres in circumferential aortic specimens, could have been greater 
than the number in pulmonary specimens. No previous histological studies on the 
valves compared the relative amounts of the fibrous components in aortic and 
pulmonary leaflets (including human valves), which makes it difficult to determine the 
validity of this theory. The study by Wiseman (1993), was restricted to porcine aortic 
valves. Alternatively, the aortic leaflet collagen structure may have contained a greater 
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proportion of the strong covalent cross-link usually seen in hard collagenous tissues 
(section 2.6)(Manschott et al. 1976). Biochemical studies are required to confirm this 
possibility. 
In the radial direction no significant difference is noted between porcine aortic and 
pulmonary specimens, except that porcine aortic specimens failed at much higher 
stresses than the pulmonary specimens (figure 25). Again the difference in failure 
might be a result of a greater quantity of radially oriented collagen fibres in the aortic 
specimens, or the collagen in aortic specimens may contain more of the 'hard' collagen 
cross-links. 
The low modulus 'physiological' behaviour of human and porcine quasi-static 
properties did not differ significantly in either the radial or circumferential directions. 
Beyond this region, porcine aortic circumferential specimens were significantly stiffer 
and failed at higher stresses than their human counterparts. Porcine pulmonary 
circumferential specimens also failed at higher stresses than their human counterparts. 
It is therefore postulated that the collagen bundles in porcine aortic and pulmonary 
valves possess more of the strong covalent bonds that have been identified in collagen 
molecules. Alternatively the porcine specimens could have more collagen present than 
their human counterparts. However as there was no significant difference between the 
thicknesses of human and porcine circumferential specimens it is likely that there was 
more of the smaller collagen fibres rather than large bundles. 
In the radial direction, again porcine specimens -" failed at higher 
stresses than their partnering human specimens. As only porcine aortic radial 
specimens were thicker than human aortic radial specimens, the differences in failure 
might not " have been solely due to larger quantities of collagen in the leaflet 
architecture. The difference in thickness observed between the radial specimens, could 
have been due to the spongiosa of porcine aortic leaflets being thicker. The heart rate 
of pigs is slightly higher than that of humans, hence there would be more movement 
between the layers in the leaflets. Another alternative could be that the human tissues 
exhibited lower stiffness and failure, due to their storage in antibiotic medium for a 
period of one week, prior to their tests. 
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The comparison of the stress relaxation studies on fresh porcine aortic specimens 
indicate greater relaxation of stress in circumferential specimens. This is in agreement 
with the findings of others (Lee et al. 1984a, Sauren 1981). This is reflected in the 
higher values for k* of circumferential specimens (table 9). The spread in the radial 
specimens is greater than that in circumferential (figure 33), the lower standard 
deviation for radial specimens approaching similar relaxation as the average 
circumferential relaxation curves. This implies that although the relaxation response is 
anisotropic, the difference is not as wide as that seen for stress/strain curves 
comparing the two directions (e. g. figures 27 and 28). In circumferential specimens, 
the strong bonds controlling collagen bundle movements would have the greatest 
effect on the initial relaxation response, rather than the weaker interactions with the 
smaller constituents (elastin and ground substance). The strong bonds in the collagen 
bundle would not have been stretched very far at the stresses used in the relaxation 
study, so they would have ample energy available to return to their equilibrium 
position on holding. Fewer interactions would exist to restrict circumferential 
movement allowing their rapid and greater relaxation. The less relaxation observed in 
radial specimens arises from the rearrangement of the weaker bonds predominant in 
this directions. 
The major part of relaxation occurs in the first 10 seconds of the specimen being held 
(section 5.2). This agrees with the behaviour observed by others (Lee et al. 1984a, 
Sauren 1981). Contrary to the findings of Sauren et al. (1983) and David et al. (1994), 
the results from my relaxation tests indicate that circumferential specimens initially 
relaxed faster than radial specimens. David and co-workers determined this from the 
steepness of the relaxation curves and attributed the difference to the presence of more 
viscous components in the radial specimens. It is known from using the relaxation 
model that 01 
* and 02* are influenced by the initial and maximum relaxation times 
respectively (Rousseau 1983, section 3.5). As Sauren used the model applied in this 
study it is possible to compare the difference numerically. In this study 01 
* and 02* 
values were lower for radial specimens than circumferential; the opposite for that 
reported by Sauren and co-workers (1983Xtables 7 and 9). However Sauren used few 
specimens which had small widths (section 3.4), therefore his errors were large. 
Unfortunately in my study, the rapid drop in stress on holding the specimen in an 
extended position, is not accurately captured (capture time every 0.2 seconds). As the 
actual relaxation curves closely resembled the curves produced by Sauren and Lee on 
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separate occasions (Lee et al. 1984a, Sauren 1981) and exactly the same method was 
used for all the specimens, it is felt that any errors would be consistent through the 
samples. This allowed comparisons to be made within the data. 
Although David and co-worker's argument for greater relaxation is true, the difference 
between his results and those presented in this study can be related to the presence of 
more or stronger collagen in the specimens used in this study (as discussed above). As 
the initial relaxation is related to fibre relaxation (figure 11) and in circumferential 
specimens this is primarily influenced by the collagen molecules, the difference in the 
observed results can be accounted for (David et aL 1994). 
The fresh studies can therefore be used as controls for the use of porcine aortic 
specimens in tests to determine the effect of storage methods. Two points must be 
noted here; 
1) Only the trends depicted by the treatment data can be used to predict human tissue 
response and not the actual values (porcine specimen values are larger). 
2) Although human aortic and pulmonary specimen properties were not significantly 
different, the relative thinness of the pulmonary tissue could render it more susceptible 
to the effects of the treatments than aortic specimens. 
6.1.2. Treatment tests 
Any changes in the bond interactions within and between the fibres and matrix lead to 
changes in the mechanical response of specimens. If the interaction principally effects 
one of the participating molecules, for example collagen, those responses directly 
affected by that component will change. As the interactions between the various 
components is vast, there will be a change in the responses of the other components 
also but to a lesser extent. 
The best methods of sterilisation and storage of valves should involve minimal 
structural change (Tan and Holt 1976). Most of the methods used to process heart 
valves, up to the 1970's, caused severe physical deterioration (Pritchard et al. 1966, 
Yacoub and Kittle 1970, Ross et al. 1979). It has been rare for treatment effects on 
mechanical properties to be tested over any length of time (Thubrikar 1990). None of 
the current treatments have been assessed for mechanical damage over long periods. 
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The stress/strain curves (figures 35 and 38) and data (tables 10 and 11) indicate, that 
leaflets treated by any of the four chosen methods, retain significant anisotropy in their 
behaviour, except in one instance which is discussed later. The circumferential 
specimens remain less extensible, stiffer and stronger than the radial specimens, 
regardless of the period that the tissue is stored. 
Antibiotic treatment of leaflets has been considered the least damaging sterilisation 
method for many years (Tan and Holt 1976). Most of the previous studies on the 
effect of treatments on tissues use antibiotic treatment as fresh controls. The effect of 
antibiotics is considered not to be detrimental; this is not necessarily true. The results 
from this study are in agreement with Tan's that antibiotic treatment results in a loss of 
upper modulus for circumferential leaflet specimens. They indicate that the loss is only 
significant after three months. As the experiment only ran for three months it is not 
apparent if this shows a degenerative trend. Longer storage times or more frequent 
tests would elucidate this point. The loss in stiffness, could have been due to microbes 
that survived the preparation process producing acids which cause cleavage of the 
collagen molecules. The slight acidity of the mixture with time was noted as a de- 
colourisation of the media (an acid-base indicator). If this is the cause, then the loss in 
elasticity would not necessarily be observed to the same extent in human tissues, as 
they are prepared under sterile as opposed to the clean conditions used in specimen 
preparations for this study. 
Alternatively the loss in stiffness could have been caused by an increase in acidity due 
to the antibiotic molecules themselves and their breakdown products. Little research 
has been performed on the effects of specific antibiotics and their interactions with and 
between the constituents of the leaflet matrix (fibres and ground substance). Penicillin 
may form molecular cross links with ground substance, collagen and strongly basic 
aminoglycosides, but there appears to be little literature available on other possible 
cross-linking effects (Strickett et al. 1983). These effects certainly require further 
investigation. For the more concentrated antibiotic mixtures such as those used for 
homovital valves, these effects may be exaggerated so storage of short periods (days) 
could lead to significant damage to leaflet constituents. Tan attributed the loss in 
stiffness to the presence of the strongly basic molecule streptomycin (Tan and Holt 
1976). It was considered to have interfered with the electrostatic interactions along the 
collagen molecules. Many new antibiotic mixtures have been developed, which though 
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tested for their bactericidal efficacy, have rarely been tested for their effects on leaflet 
mechanical behaviour and not for any length of time (Brockbank and Dawson 1993). 
Strong salt solutions, as derived from the breakdown of balanced salt solutions, will 
inevitably cause damage to any live cells, which is very significant for homovital valves 
(Wain 1981, Strickett et al. 1983, Karp 1986, Kirklin et al. 1987). Retaining the 
endothelium is important in retaining the matrix, as it prevents the fluid matrix 
dispersing (Armiger et al. 1985). Homograft endothelial cells have been shown to swell 
if subjected to ionic imbalances. If a storage method is used that causes such changes in 
homografts, greater wear would result between the elastic fibres. Care is therefore 
taken to bathe homograft valves in ionically balanced solutions (Angell et al. 1973, 
Hopkins 1989). Antibiotics have no effect on the appearance of fine leaflet structure 
(Parker et al. 1978), although post-operative histological studies on homografts suggest 
they may alter matrix composition, by inhibiting host fibroblast infiltration (Gavin et al. 
1973). 
Antibiotic treated specimens show a tendency to relax more radially and less 
circumferentially than fresh tissues. By month three, circumferential specimens appear 
to relax the same amount as fresh radial specimens, while radial specimens at month 
three relaxed as much as fresh circumferential specimens (figures 47 and 49). These 
changes were only significant after three months, hence as with the quasi-static tests, it 
would be advantageous to perform these studies for extended or more frequent 
periods. The^ncrease in radial relaxation, could have been due to the acidity of the 
solution. Cleavage of more bonds in the open latticed radial specimens, could result in 
greater freedom of movement of the constituent molecules. The circumferential 
decrease, was odd, but possibly originated from loss of bonds between the elastin and 
matrix components with the collagen fibres, thus restricting the movement of the 
collagen fibres, whose interaction with the other constituents must play a role in this 
aspect of collagen behaviour (section 2.5). Specific studies 
into the interactions within 
and between the constituent molecules of leaflets are incomplete (section 2.5). 
Micro-fractures extending into the proteoglycan collagen matrix have been found in 
cryopreserved tissues accidentally or intentionally immersed in liquid nitrogen, (Adam 
et al. 1990). Leaflet specimens frozen to low temperatures without cryoprotectant 
show significant damage in their mechanical response (Clark 197-33). The freezing 
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conditions therefore determine the extent of fracture formation, and this will affect the 
mechanical properties. When preparing and transporting cryopreserved specimens 
thereforq care should be taken not to cause abrupt changes in temperature around the 
homograft valves. 
Glycerol cryopreserved tissue appears to experience some loss in stiffness at higher 
stresses, although again not to any significant degree (figures 35 and 38). In the 
circumferential direction the loss appears to increase with time, thus extended or more 
frequent test periods might indicate if a degenerative trend exists. For radial specimens 
whose loss shows no trend with time, clarification of when loss in stiffness becomes 
apparent can be gained by more frequent tests. The relaxation response for the 
cryopreservation treatments (glycerol and DMSO), are not significantly different to 
that of fresh tissue specimens (figures 46 and 48). That is, the average stress relaxation 
curves for each time and direction did not fall outside the standard deviations for fresh 
tissues. As seen with the fresh tissues, radial specimens relaxed to a lesser extent than 
circumferential specimens. 
Specimens cryopreserved in DMSO for up to three months do not have significantly 
altered properties when compared to fresh porcine specimens, in either the radial or 
circumferential directions (tables 10 and 11, section 5.3.1). Radially the average 
stress/strain curves of DMSO treated tissues, indicate that a loss in collagen stiffness 
may have occurred (figure 38). Statistically this loss is not significant, which indicates 
that any changes in properties fall within the normal fresh tissue range. The results for 
cryopeservation with DMSO are in agreement with Vesely et al. (1990), who tested 
specimens one week after cryopreservation. Parker and co-workers (1977) also 
indicated no change in the tissues properties, but as they used a `bulge' test device it is 
difficult to determine if the load bearing collagen bundles had been affected (section 
3.3.2). The most commonly used cryoprotective agent in homograft banks is 10% 
DMSO- but its choice is not based on mechanical performance (van-der-Kamp et al. 
1981). 
These mechanical test results confirm the histological findings of others, that 
cryopreservation has no effect on the architecture of collagen and elastin filaments or 
acid mucopolysaccharide matrix in valves repeatedly frozen and thawed over three 
months (Armiger et al. 1985, van-der-Kamp et al. 1981). Lee and Boughner (1981), 
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found that collagen types I and III, remained stable two and a half years after 
cryopreservation, at temperatures of -196°C, but had decreased after several months 
storage at -150C or -900C. Cryopreserved leaflets appear to have similar implanted life 
to antibiotic treated leaflets although some intracuspal thromboses have been associated 
with hinge regions (Al-Janabi and Ross 1974, Armiger et al. 1985, Jonas et at 1988). 
Recently the concentrations and freezing profiles of cryopreservation protocols have 
changed in order to preserve `viable' fibroblasts, but no accompanying tests have been 
performed to assess physical damage over extended storage times. There is some 
controversy and confusion on the subject of living cells in homografts. On the one hand 
fibroblasts are thought to increase the long-term durability of implanted valves by their 
ability to produce and replenish the fibrous constituents of the leaflet tissues, enabling 
repair (Angell et al. 1973, O'Brien et al 1987, McNally et al. 1989). On the other hand, 
the presence of viable donor cells may compromise the immunological privilege of 
these tissues when placed in the recipient (Balch and Karp 1975). 
Cell death commences on donor death (McGregor et at 1976b, Armiger et al. 1985, 
Crescenzo et al. 1993). Therefore unless cryopreservation is undertaken quickly 
(within 48 hours of donor death), it is unlikely that many `viable' cells persist regardless 
of the storage method (Little 1970, Longmore 1970). This situation would be most 
probable in larger transplant centres where there is a more frequent supply of donor 
hearts (Hopkins 1989, O'Brien et al. 1991). It is believed that valves stored in 
antibiotic solutions retain viable cells for periods between 1-6 weeks (Al-Janabi and 
Ross 1974, Angell et al. 1976, McGregor et al. 1976a). As tissue degenerative 
processes have been shown to be inhibited below -130°C, valves are removed from 
antibiotics and cryopreserved as quickly as possible. Controlled rate liquid nitrogen 
freezers are used for storage of valves, theoretically allowing retention of viable cells 
indefinitely (van-der-Kamp et al. 1981, Brockbank et al. 1992). 
The vast majority of tests previously performed to ascertain fibroblast function (such as 
cell proliferation, RNA and/or protein synthesis and enzyme activity - Lockey et al. 1972 
and Ross, 1979), cannot accurately identify the origin of the functional fibroblasts; it is 
assumed that the cells are donor in origin (Angell et al. 1973, Wheatley and McGregor 
1977, Hopkins 1989). O'Brien and his co-workers found indications that viable 
fibroblasts within implanted allografts were of donor origin (O'Brien et al. 1987). 
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However their data was qualitative not quantitative as the exact number of donor cells 
present was not estimated. Moreover, although their technique indicated the presence of 
donor fibroblasts, it did not show if the cells were capable of replicating or producing 
collagen. None of these authors indicated any surgical advantage and one indicated that 
those cells that do survive can be significantly altered (Domkowski et al. 1993). 
Leaflets of implanted homografts tend to remain thin, suggesting there is no fibrous 
replacement, that is fibroblasts do not replenish or repair the leaflet (Ross et al. 1979, 
Jonas et al. 1988). Fibroblasts may be protected from ionic imbalances by the matrix 
surrounding them (Hopkins 1989), which suggests that homografts that are rapidly 
cryopreserved after sterilisation in antibiotics will sustain some fibroblasts. Nevertheless, 
even if cells are viable pre-implantation, it does not mean that the valve has growth 
potential in the host (Ross et al. 1979, O'Brien et al. 1991, Messier et al. 1992). This 
area needs more research particularly in view of the use of homovital valves which are 
removed under strict transplant conditions with the intention of retaining viable cells. 
Cryopreservation of cells is a very sensitive procedure. The complexity of the valvular 
apparatus (leaflets and walls), implies that different regions will exhibit different 
freezing characteristics. Rigorous experimentation is required to determine optimal 
freezing conditions for different cells (van-der-Kamp et al. 1981). It is probable that the 
optimal freezing protocol has not yet been achieved for homograft valves. 
The anisotropic response in leaflets treated with glutaraldehyde remains, although 
transition is not so abrupt, supporting the findings of others (Broom 1978a, Lee et al. 
1989, Purinya et al. 1994)(figures 37 and 40, table 6). The low modulus region of 
specimens in both directions are also significantly extended. The stiffness of the low 
and upper modulus regions of radial specimens are significantly reduced. These results 
agree with the work presented by others (tables 6 and 11). The valves in this study 
were fixed under no pressure and were not held so that the leaflets co-apted (the 
leaflets floated freely in the fixative) thus exhibiting the responses associated with 
tissues fixed under low pressure (Crofts and Trowbridge 1988c, Lee et al. 1984b). 
Porcine valves intended for bioprostheses are fixed in a closed position with 
glutaraldehyde, although the pressure at which they are fixed varies. Under low 
pressure fixation the collagen fibres remain crimped. The cross-links of the 
glutaraldehyde therefore form at superficial sites on the molecules, hence the fixation 
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of the small elastin and collagen fibres is more extensive than that between the large 
collagen bundles. The glutaraldehyde fixation also results in significantly higher failure 
stress of specimens when compared with fresh tissues. This is a feature of the extra 
stable cross-links that form between the glutaraldehyde and collagen molecules, in 
addition to those already present between the constituents. This latter finding agrees 
with the work presented by Lee and co-workers (1984b) and David and co-workers 
(1994). 
Glutaraldehyde treatment is restricted to bioprosthetic valve preparation as it 
significantly alters tissue behaviour (Lee et aL 1984b, Crofts and Trowbridge 1988b, 
Purinya et al. 1994). The leaflets undergo rapid cyclic movements that require the 
fluidity of movement that is lost due to the fixation process. This idea is supported by 
explant studies for bioprostheses which show failure mechanisms indicating a loss to 
move adequately through successive cycles (Purinya et al. 1994). The stress relaxation 
tests support this finding. 
Glutaraldehyde treated specimens, do not show any difference in relaxation properties 
between the two directions. Both sets of curves exhibit limited relaxation behaviour, 
identical to that of fresh radial specimens. It is apparent that circumferential specimens 
relax less than is normal, a finding which is in agreementjLee and co-workers (1984b). 
Other than the extensive anchoring cross-links, a decrease of the spongiosa layer of 
leaflets, has been equated with a loss of ground substance (Rousseau et al. 1983, Lee et 
al. 1984b). Trowbridge and co-workers (1985) indicated that the water content of 
glutaraldehyde treated specimens did not change, but that the reduced relaxation 
indicated greater intra-fibrillar cross-linking. Both of these phenomena could be the 
cause of extra wear and friction between the fibres of leaflets, resulting in the types of 
failure observed in valves at positions where large movement and stresses occur 
(section 2.3). Vesely has shown that glutaraldehyde treatment resulted in a decrease in 
the difference between the properties of fibrosa and ventricularis (Vesely and 
Noseworthy 1992). 
The effect of glutaraldehyde on leaflet tissue response is governed by the fixation 
pressure across the whole valve (Rousseau et al 1983). Fixation at low pressure results 
in lengthened low modulus while the opposite is true for high pressure fixed valves 
(Broom 1977, Rousseau et al. 1983, Lee et al. 1989) Vesely et al. 1990 indicated that 
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there was no difference between the properties of fresh cryopreserved and low 
pressurised gluteraldehyde treated porcine leaflet, as regards the stress/strain or stress 
relaxation properties. The effect on tissue strength varied depending on the length of 
time the tissue was left in the fixative (Lee et al. 1984b, Crofts and Trowbridge 1988b, 
Lee et al. 1989, Trowbridge et al. 1989). Current research in bioprosthetic management 
has been directed towards finding less detrimental treatments. Work on the effects of 
new fixatives as alternative treatments for pericardial bioprostheses, enabling retention 
of flexibility is currently being undertaken (Pereira et al. 1990; Xi et al. 1992). 
6.1.3. Implications 
The aim of this project is to help solve the problem of homograft valve availability for 
replacement surgery. There are 4 ways to address this: 
1. Increase multiple-organ donation by heightening the public, transplant co-ordinator 
and pathologist awareness of valve donation and its potential. 
This can be and is being done via schemes such as the `Donor' card. The problem of 
finding transplants in general is one that has recently become the centre of much political 
interest. It is proposed that potential donors not only carry a card, but that their details 
be entered into a central database so that they can be contacted swiftly when needed, or 
alternatively their next-of-kin. In some countries it is the right of the state to remove any 
organs or tissues from donors without consent of kin, unless that individual has opted 
out of the scheme. 
2. If pulmonary valves are suitable for AVRep, this would immediately double the 
number of valves available for this type of operation. Histological, mechanical and 
operative data is required to elucidate their suitability for such a role. 
The results from this study have indicated that pulmonary valves are suitable for this role 
as any differences between specimens from the two valves fall outside the 
`physiological' limits one would expect them to experience in the aortic position. As 
many of the other predictions for tissues used in valve manufacture have been derived 
from such experiments and those valves have not failed catastrophically solely due to 
their mechanical properties, this is a fair statement. 
As a safeguard it would be preferable however that whole valve, non-destructive tests 
be performed to confirm these findings. The reason for this lies in the fact that it is not 
only the leaflets that are involved in valve function, but the artery and sinus walls around 
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them also. If a method can be found to hold the tissues up and down stream of the valve, 
so that its natural movement is unimpaired, measurement of stresses from such a system 
would provide a more accurate indicator of valve suitability (see future work). 
The results from the porcine valve comparison indicate that manufacturers should 
consider using porcine pulmonary valves in bioprosthetic valve manufacture as their 
properties are more than adequate for use as human aortic valve replacements. This 
would address the large discard numbers that they have in valve manufacture (section 
2.4). 
3. Detrimental changes in the mechanical properties of homografts, due to storage 
treatments, might be indicative of shortened post-operative durability, as primary tissue 
failure could be due to weakened fibres (Thubrikar 1990 and personal communication 
from Mr. R. Parker RBH and Mr. McNally Cryolife Inc. ). 
From the treatment tests it is possible to predict the effects of the treatments on human 
specimens: 
" The least detrimental treatment would be cryopreservation with dimethyl 
sulphoxide as the cryoprotectant. 
" Glycerol is the second alternative asLcauses some effect on the properties even if 
only minor. 
" Antibiotic treatment may cause some loss in upper modulus with time, which may 
be accelerated in pulmonary specimens due to their relative thinness. It is therefore 
recommended that samples not be kept in antibiotics for more than tnco-th, less if 
the cocktail is strong (e. g. homovital valves). 
" Gultaraldehyde is not a suitable treatment for homograft tissues. 
It should be noted here, that as in the previous point, the sinus and artery form 
important parts of the functional valve unit and their differing thicknesses and 
constituents will be affected to different extents by the treatments (see future work). 
4. The underlying mechanisms involved in preserving 'viable' cells and their role in valve 
durability need to be researched further so that a better understanding of their 
importance be ascertained. 
As has been discussed above there is some doubt as to just how many viable cells 
survive the antibiotic and cryopreservation treatments applied to them. If, as is the 
current thinking, viable cells are necessary for prolonged valve life post-implantation, 
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then more rigorous experiments need to be undertaken to assess penetration rates, 
freezing profiles and numbers of cells surviving. 
Unfortunately, the study of the human valves excludes comparisons of viscoelastic 
behaviour, nor is a comparison of the viscoelastic properties of porcine aortic and 
pulmonary valve leaflets undertaken. It has been calculated that at the strain rates 
experienced within the leaflets in vivo, there would not be time for these relaxation 
phenomena to occur anyway. However, leaflet movements in vivo have been found to 
result in bending stresses at the commissures and coaption regions of the leaflets 
(section 3.3). This is supported by histological investigations of valves under low and 
high pressures. In the regions of bending, large shear forces would be generated 
between the constituents of the leaflets, which would be reduced by their ability to 
move over each other. Reduction in the relaxation behaviour may therefore be used as 
an indication of the ability of the fibres to move smoothly ensuring low stresses occur 
at these sites. This is exemplified by the results for the glutaraldehyde treated tissues. 
Thus relaxation studies on treatment effects remain useful. 
The simple tests described in this project, especially if the relaxation protocol is 
revised, could be used for the routine testing of the effects of new storage treatments 
and times on leaflet mechanical properties. This could prove particularly useful in 
situations like the one mentioned in the introduction to this thesis, where there was an 
irrational belief that a colour change had compromised a valve's functional ability. 
The application of models to predict tissue performance is problematic. Ideally use of a 
mathematical model such as that proposed by Fung should be useful in prediction of 
leaflet behaviour. However, there is a 'chicken and egg' dilemma. The tests had to be 
carried out before a model could be fitted to the data. As the model is not a descriptive 
model and the effects of each treatment on the various valve components cannot be 
predicted, the situation exists where the model is always fitted in retrospect; it cannot 
be predictive. Until such time as a predictive descriptive model taking into account all 
a leaflets components, the treatment effects on each component and then on all the 
components combined can be determined, the ideal will not be achieved (a task beyond 
not only this project but current research - (a keynote lecture to the Biomaterials 
Group of the Biological Engineering Society by Professor J. Barbenel, University of 
Strathclyde, September 1993'). 
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FUTURE WORK AND CONCLUSIONS 
7.1. FUTURE WORK 
A number of avenues for future work, which could be usefil in characterising the 
behaviour of natural aortic and pulmonary valves, can be gleaned from this work. The 
ideas are not limited to improving homograft valve availability, but could prove useful 
in the design of new prosthetic valves. Some of these ideas are currently being 
addressed in this Department. 
Test Method 
The results from this study confirm the value of performing uniaxial tests on specimens 
to obtain comparative data between different types of tissues. As a simple technique for 
assessing the effect of various treatments after defined storage periods, uniaxial testing 
has proved most successful. It may therefore be used to assess new treatments as they 
are developed. This will be of particular value with antibiotic solutions, as their 
composition ;s changed frequently. 
As an alternative to using porcine aortic tissue for the tests, the use of human mitral 
and tricuspid valves as substitute test specimens should be assessed. The posterior 
mitral leaflet and the three tricuspid valve leaflets are not kept when the aortic and 
pulmonary valves are salvaged from donor hearts. If these leaflets show related 
behaviour to aortic and pulmonary valves, or at least show equivalent changes when 
treated over different periods, they could be used to model how a new treatment could 
affect aortic and pulmonary valve performance. 
In the long-term, it would be desirable that the properties of leaflets and valves, be 
assessed via a whole valve, non-destructive, non-contact test method. Existing whole 
valve techniques are very complex (section 3.3.1). 
Polarised light is suggested as a non-destructive method of assessing mechanical 
condition, used in a manner analogous to engineering photoelasticity (paper in 
preparation). Leaflets are birefringent, that is they effect polarised light as it passes 
through them. When a polychromatic light source is used colour changes are observed 
in the stressed regions of the material. An apparatus has been designed' which allows 
polarised light to be shone through pressurised valves and the colour changes are 
recorded for subsequent analysis with colour analysis software. This equipment is still 
in the commissioning stage, but it has been possible to correlate hue/strain to 
stress/strain curves obtained for uniaxial specimens. Preliminary work has included 
examination of whole valves. The valves are attached to the equipment by the artery 
and ventricular muscle. Previously polarised light has been used to assess the relative 
amounts of crimp in collagen molecules of porcine bioprostheses when under low and 
high pressure (Iiilbert et al. 1990), but this is believed to be the first time it has been 
used to provide quantitative mechanical information on valves, 
Collagen lattices have been developed with embedded fibroblasts, for mechanical tests 
of pharmacological agents on skin (Chapius and Agache 1992). It may be possible to 
use such systems to test the components of the heart valve treatments. Specific studies 
on the elastin and ground substance of leaflets are also required; their properties have 
rarely been considered when mechanical properties of leaflets are tested. Their role is 
vital in leaflet performance as noted by the greater effect of treatments on the radial 
specimens in this study. 
Models 
It would be advantageous if a descriptive model could be developed (section 3.5), 
allowing accurate assessment of the effects of the treatments on the specific 
components in the leaflets and their interactions. Most of the available models are 
limited by assumptions of linearity and isotropy of the specimens that they attempt to 
model. Any new model designs should try to advance the analysis to accurately model 
the non-linear, anisotropic behaviour of the composite leaflets. 
Histology 
It was immediately apparent from this study that complete serial sectioning of human 
and porcine arterioventricular valves, would be most beneficial in determining the role 
of each of the layers in leaflet functioning, especially if the valves were fixed at low and 
high pressures for comparisons. The type of stress, tensile, compressive or shear would 
7The apparatus was based on a design specification I wrote. 
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be ascertained from the orientation and relative concentration of the components most 
related to the property required to withstand such forces. 
All the components of the ground substance and the detailed bonding structure of 
collagen, still remain to be fully elucidated (section 2.5). Detailed biochemical analysis 
of the cross-links with collagen, elastin and matrix components and their relation with 
the water present in the leaflets would help define how they interact to produce the 
mechanical properties of leaflets. Studies defining the roles of the different types of 
collagen present in the leaflets would also be of interest. The question that arises is why 
are the different types necessary? It may be that the collagen type I, which has a large 
content of the type of bonds found in hard collagenous tissues is present in the bundles, 
while the other collagen types, playing a different mechanical role, may be present as 
the radially oriented smaller fibrils. Again use of polarised microscopy could prove 
useful, when linked with various staining techniques (Ogbuihi et al. 1988). 
Banking 
To improve the availability of homografts, an immediate approach would be to increase 
donor recruitment programmes and have more vigorous advertising campaigns. The 
coroners and transplant co-ordinators need to be advised to encourage potential heart 
valve donors or relatives that valves can be retrieved even if the entire heart cannot be 
used for transplantation (N. B. unlike 
heart donors, valve donors do not need to be kept 
on life-support). 
Stora e 
Storage treatments are continuously improved and updated. It should be encouraged 
that every treatment be assessed for its effects on the mechanical properties of the 
leaflets, to avoid unnecessary post-operative problems. Pulmonary valves should also 
be tested with each treatment. As this study has shown the properties of human aortic 
and pulmonary specimens are similar, so it is expected that the effects of the treatments 
on the two types of valve will be the same. Polarised light stress patterns across 
homografts at the time of dissection prior to and after treatment could be used to assess 
the suitability of valves for surgical use. Currently no quantitative assessment takes 
place and usually only a superficial macroscopic appraisal is performed. 
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Further elucidation of the components interactions with antibiotics and all the processes 
involved in cryupreservation, could help in the improvement of storage methods. No 
viability studies were performed during this project, but if viability of fibroblasts is 
important to longevity of valve homografts post-operatively, then a study appraising 
the effects of the treatments on the number of viable cells should be performed. 
Potential directions for new storage treatments for homograft valves include new 
disinfecting solutions that maintain viability of fibroblasts and leaflet matrix 
components. 
Alternative New Valve Replacements 
Greater emphasis on designing artificial valves with more normal valvular 
characteristics (for example central flow, varying properties through structure, 
endowing flexibility and rigidity where necessary), could negate the need for use of 
natural valves. The production of this ideal valve replacement for the aortic valve 
position, probably lies in designs, catering for the requirements listed above. The results 
from this project may assist if designers: 
Use knowledge of fresh valve material properties, anatomy and histology to 
develop new composite materials from which to make valves. 
Use better knowledge of valve function to design new valves 
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7.2. CONCLUSIONS 
From the results of the fresh human and porcine studies and tests into the effects of 
treatments on tissue properties, the following conclusions and recommendations can be 
made: 
" Antibiotic and glycerol cryopreservation treatments have little affect on tissue 
properties, while tissue cryopreserved with DMSO did not have significantly 
different properties to fresh leaflet tissues. 
" Glutaraldehyde treatment produces profound mechanical changes in tissue, so it is 
not recommended for use with homografts. 
" Prior to clinical introduction, all valve treatments should be assessed for mechanical 
effect on tissues over at least three months. 
" Pulmonary valve leaflets should support systemic pressures: supporting the evident 
success of the pulmonary autograft procedure. Further work with the use of a 
whole valve test device will elucidate the relative strength of the leaflets from the 
two types of valve. 
" Porcine pulmonary valves can be considered by bioprosthetic manufacturers for 
inclusion in aortic valve replacement manufacture. 
" The detailed histology of the aortic and pulmonary valves need to be compared. 
" Elucidation of the interactions between the components in the valve structures 
could prove useful in determining how leaflets function, & designing new valves. 
" True valve properties should be measured by use of a whole valve tester (without 
removing the leaflets from the surrounding wall). 
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APPENDIX I 
Aortic and Pulmonary Valves 
The live pictures below depict external views of human aortic and pulmonary 
homograft valves and a porcine aortic valve and an internal view of the porcine aortic 
valve. An internal view of the human aortic valve (figure 3), may be compared to 
internal views of human porcine and porcine aortic valves shown below. 
... 
External view of a human aortic homgraft. 
External view of human pulmonary homograft. 
Note that the aorta appears more robust than the pulmonary artery. This difference is 
not so obvious with porcine aortic and pulmonary valves. 
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External view of porcine aortic valve 
Internal view of human pulmonary valve 
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ýti 
Internal view of porcine aortic valve. 
Homograft storage treatments 
Homograft valve preparation differs slightly in different centres. For homograft valve 
retrieval, the full length of artery provided is retained with a valve, unless it is long 
enough for the valve and a conduit to be removed. The length, valve ring diameter, and 
artery diameter of the homografts are measured using obturators. Also, five small 
specimens of tissue are removed from the arteries of human homograft valves, for 
bacteriological screening (the donor blood sample accompanying the heart is 
centrifuged and the serum used for virology tests) (section 2.4.3). Once prepared, 
homograft valves are usually placed in a nutrient and antibiotic medium (200m1 per pot) 
until required or frozen (section 2.4.3). 
The treatment regimes used at the Royal Brompton National Heart and Lung Hospital 
(RBNH&LH) were tested for their affects on tissue mechanical properties. The general 
protocols for these are described here. 
1S-8 
1. Antibiotic resime 
GAYA III, Nutrient antibiotic solution was used in this study. 
Ingredient Manufacturer Quantity 
Medium 199 Flow 88m1 
Sodium Bicarbonate 
7.5% 
Flow 40m1 
Trimethoprim 
100m 5m] 
Duphar Labs 5m1 
Polynwun B 500,000 iu Calmic 1Mu 
Ciprofloxacin 
200 100m1 
Bayer 100ml 
Vancomycin 500mg Eli Lilly 500 
Amphotericin Squibb 100mg 
Rifampicin 600mg + 
Dilutent 
Merrell Dow 600mg + 10ml 
Sterile water to Baxters/Fresinium 1L 
The ingredients to make up 5 pots of antibiotic mixture are listed in the above table. 
Within the homograft department, one human valve is placed in each pot and this was 
followed for those used in this study. However to keep costs down, two porcine valves 
(that were to be tested at the same time) were placed in each pot. Valves were left in 
antibiotics for 24 hours, in the dark, at room temperature to enable effective 
sterilisation. the valves were kept in the dark to avoid degeneration of amphotericin 
which is light sensitive. After this time, the pots were transferred to a fridge and stored 
at 4°C until required. 
Prior to use these samples were simply removed from the pots and dissected at room 
temperature. 
2. Cryonreserved 12.5% DMSO 
Tissues irted to be treated with Dimethyl sulphoxide (DMSO) were initially placed in 
antibiotics for 24 hours (as above). Thereafter 20m1 of antibiotic solution was removed 
from the pots and replaced with 25m1 of DMSO. An hour later, the valves were 
F511 
removed and placed on aluminium trays lined with gauze. These were then sealed in 
aluminium sachets and placed in a controlled low temperature freezer. The freezing is 
shown below. 
TIME -M NUTES 
10 28 30 40 50 Be 70 ea 
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The sachets were then transferred in a liquid nitrogen container to a liquid nitrogen 
freezer and kept at -140°C until required. 
These specimens were allowed to thaw at room temperature by immersion in 0.9% 
saline at room temperature (clinically they are thawed at 370C). This action also acted 
to wash the samples. 
3. Cryopreserved Glycerol 
Exactly the same procedure as that described for cryopreservation with DMSO was 
followed, except that glycerol was added to the pots (in the same concentration), but 
the valves were left 24 hours prior to their being frozen. 
4. Glutaraldehvde 
Glutaraldehyde is rarely used in homograft valve storage, but is commonly used in the 
processing of bioprosthetic valves. Valves treated with glutaraldehyde were prepared in 
a similar manner to those used for sterilisation of xenografts. The valves were placed in 
--........ -____ _ _.... _... _.. _...... _.. z ....... _..... _.... ...................... 
16a 
0.65% glutaraldehyde for one week, followed by 24 hours in 4% formalin. They were 
subsequently placed in a 0.65% glutaraldehyde solution again until they were removed 
for testing. Formalin treatment is used to kill mycobacteria and spores that are not 
affected by glutaraldehyde. With bioprostheses sodium dodecyl sulphate is used as an 
anticalcification agent. This was not used during these tests. 
Just before use, the valves were washed in saline. 
IL I 
APPENDIX II 
Donor Information for human valves used in tests 
Valve Number Age Sex Cause of Death Not Used 
7 55 Male Unknown 
8 48 Female Unknown 
9 19 Male RTA 
10 36 Male Hanging 
11 21 Male RTA 
20 53 Male Unknown 
23 53 Female SAH 
24 56 Male Unknown 
26 90 Male M Infarction 
21 57 Female Head Injury 
22 26 Female Hanging Damaged 
25 79 Female Lung Infection 
12 44 Male Unknown 
27 49 Male Brain Haem 
29 44 Male Drowning Abnormal 
28 49 Male CO Poisoning XS Atheroma 
32 86 Male Natural Causes XS Atheroma 
33 29 Female RTA 
34 31 Male RTA 
30 Unknown Unknown Unknown 
SAH= Sub-Arachnoid Haemorrhage CO Poisoning = Carbon monoxide poisoning 
M Infarction = Myocardial Infarction XS = Excessive 
RTA = Road Traffic Accident 
Brain Haem = Brain Haemorrhage 
iG; L 
APPENDIX III 
RAW DATA AND STATISTICAL TABLES 
FRESH HUMAN AND PORCINE TESTS 
The abbreviations used for the types of specimen can be found in section 4.2.3. 
The raw data tables and stress/strain curves for each fresh specimen type is presented. 
The stress relaxation curvesfor the porcine aortic specimens are also included. 
These are followed by the relevant statistical comparisons performed on the data from 
these specimens. The statistical tables contain the significance level (p), the t value and 
degrees of freedom for each comparison. An explanation of these values can be found 
in section 4.2.6. Abnormally high or low numbers were removed from the analysis. 
TREATMENT DATA 
The data tables, stress/strain and stress relaxation graphs are presented for each test 
condition (treatment, time and specimen direction). The MANOVA tables for the four 
independent variables can be found in section 5.3.1. The ANOVA and Scheffe tables 
for each of the significant results follow each MANOVA table. 
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Tables of statistics for dependent variables, for fresh studies 
HAC Human aortic valve circumferential leaflet specimen 
HAR Human aortic valve radial leaflet specimen 
PAC Porcine aortic valve circumferential leaflet specimen 
PAR Porcine aortic valve radial leaflet specimen 
HPC Human pulmonary valve circumferential leaflet specimen 
HPR Human pulmonary valve radial leaflet specimen 
PPC Porcine pulmonary valve circumferential leaflet specimen 
PPR Porcine pulmonary valve radial leaflet specimen 
Table 1 
Thickness 
Valve types Mean SD N T value df Si 
HAC 0.674 0.159 21 1.96 20 NS 
PAC 0.591 0.15 
HAR 0.641 0.15 16 2.91 15 P<0.01 
PAR 0.5 0.162 
HPC 0.474 0.187 21 -1.77 20 NS 
PPC 0.543 0.158 
HPR 0.442 0.124 13 0.34 12 NS 
PPR 0.423 0.154 
PAC 0.592 0.16 18 1.45 17 NS 
PAR 0.506 0.154 
PPC 0.55 0.167 18 2.5 17 P<0.05 
PPR 0.444 0.141 
PAC 0.541 0.15 21 1.14 20 NS 
PPC 0.543 0.158 
PAR 0.506 0.154 18 1.51 17 NS 
PPR 0.444 0.141 
HAC 0.658 0.159 19 0.43 18 NS 
HAR 0.64 0.145 
HPC 0.481 0.171 13 0.64 12 NS 
HPR 0.442 0.124 
HAC 0.666 0.16 22 3.25 21 P<0.001 
HPC 0,496 0.209 
HAR 0.604 0.145 12 2.63 11 P<0.05 
HPR 0.458 0.114 
, 2Sq 
Table 2 
Lower Modulus (Elow) 
Valve types Mean SD N T value df Sig 
HAC 0.68 0.7065 17 0.91 16 NS 
PAC 0.4643 0.6962 
HAR 0.1795 0.0185 16 0.69 15 NS 
PAR 0.153 0.181 
HPC 0.5147 0.406 18 0.02 17 NS 
PPC 0.5122 0.486 
HPR 0.1444 0.1476 12 -0.63 11 NS 
PPR 0.163 0.1061 
PAC 0.6526 0.8092 14 2.47 13 P<0.05 
PAR 0.1348 0.1555 
PPC 0.5353 0.4408 16 3.86 15 P<0.001 
PPR 0.1306 0.108 
PAC 0.5163 0.7497 18 -0.12 17 NS 
PPC 0.53 0.485 
PAR 0.1471 0.1857 15 0.3 14 NS 
PPR 0.1351 0.1037 
HAC 0.622 0.653 21 3.38 20 P<0.005 
HAR 0.146 0.12 
HPC 0.4728 0.3578 11 2.53 10 P<0.05 
HPR 0.17 0.1775 
HAC 0.546 0.492 18 0.02 17 NS 
HPC 0.543 0.414 
HAR 0.2063 0.109 13 0.69 12 NS 
HPR 0.1725 0.1739 0.458 
Table 3 
Strain at 200 kPa 
Valve rypes Mean SD N T value df Sig 
HAC 9.988 3.895 15 -2.32 14 p<0.05 
PAC 12.264 4.887 
HAR 20.832 4.036 7 -1.1 6 NS 
PAR 26.056 10.504 
HPC 13.886 7.572 16 1.62 15 NS 
PPC 10.71 4.8 
HPR 25.426 8.605 6 -0.81 5 NS 
PPR 28.01 11.198 
PAC 9.112 3.071 12 -7.07 11 P<0.001 
PAR 26.689 9.199 
PPC 9.282 2.236 13 -5.15 12 P<0.001 
PPR 28.362 13.204 
PAC 11.574 4.985 16 0.84 15 NS 
PPC 10.377 4.676 
PAR 26.996 9.581 11 -0.5 10 NS 
PPR 28.703 12.514 
HAC 8.745 1.917 8 -5.26 7 P<0.001 
HAR 24.238 8.32 
HPC 12.493 8.501 5 -2.51 4 NS 
HPR 22.601 5.72 
HAC 10.279 3.695 15 -1.23 14 NS 
HPC 12.622 8.236 
HAR 21.897 1.193 3 -0.76 2 NS 
HPR 27.227 12.137 
2S-C 
Table4 
Upper Modulus (Eup) 
Valve types Mean SD N T value df Sig 
HAC 6.0107 3.9876 20 -5.24 19 p<0.001 
PAC 15.8364 6.1155 
HAR 1.2675 0.7326 18 -1.02 17 NS 
PAR 1.5832 1.0782 
HPC 5.7636 4.0979 21 -1.45 20 NS 
PPC 7.2904 3.5742 
HPR 1.2746 0.764 14 0.28 13 NS 
PPR 1.1925 0.8005 
PAC 16.2836 6.268 17 10.67 16 P<O. 001 
PAR 1.5861 1.1113 
PPC 7.6359 3.7263 18 6.94 17 P<0.001 
PPR 1.211 0.7238 
PAC 15.8364 6.1155 20 5.81 19 P<0.001 
PPC 7.4752 3.5626 
PAR 1.5832 1.0782 18 1.43 17 NS 
PPR 1.2111 0.7238 
HAC 6.0261 3.7944 22 6.06 21 P<0.001 
HAR 1.4001 0.7916 
HPC 4.617 3.3841 14 3.42 13 P<0.005 
HPR 1.2746 0.764 
HAC 6.0261 3.7944 22 0.12 21 NS 
HPC 5.9054 4.0541 
HAR 
J 
1.5213 0.6149 14 0.94 13 NS 
HPR 1.2746 0.764 
1ST 
Table 5 
Failure stress 
Valve ty pes Mean SD N T value df Sig 
HAC 1198.328 993.651 19 -8.28 18 p<0. 001 
PAC 4217.714 1539.453 
HAR 179.866 85.216 16 -8.39 15 p<0. 001 
PAR 473.744 127.057 
HPC 1120.309 748.7 18 -3.29 17 p<0. 001 
PPC 2021.732 654.191 
HPR 190.445 90.344 11 -5.24 10 p<0. 001 
PPR 296.563 96.637 
PAC 4040.794 1493.232 16 9.67 15 p<0. 001 
PAR 476.982 127.895 
PPC 2021.251 620.416 15 10.42 14 p<0. 001 
PPR 277.81 96.383 
PAC 4253.769 1623.9 17 4.41 16 p<0. 001 
PPC 2054.41 666.037 
PAR 495.544 115.477 15 5.28 14 p<0. 001 
PPR 287.34 97.938 
HAC 1210.538 937.809 21 5 20 p<0. 001 
HAR 189.506 87.169 
HPC 1014.123 651.862 13 4.44 12 p<0. 001 
HPR 192.26 88.049 
HAC 1190.034 946.736 21 0.49 20 NS 
HPC 1083.404 718.091 
HAR 188.818 75.982 13 -0.09 12 NS 
HPR 192.26 88.049 
Table 6 
Relaxation parameters 
Valve type Mean SD NT value df Sig 
01 PAC 0.1861 0.243 12 -2.22 11 p<O. 05 
PAR 0.5169 0.437 
02 PAC 242.638 37.357 12 -4.17 11 p<0.001 
PAR 312.302 70.714 
k PAC 0.0776 0.038 12 -3.83 11 p<0.001 
PAR 0.0436 0.019 
2Sý 
APPENDIX IV 
EXAMPLES OF STRESS/STRAIN AND STRESS RELAXATION 
CALCULATIONS 
Raw worksheet 
The first worksheet (worksheet 1) in this appendix contains raw data as imported from 
the ASCII file into an Excel worksheet. 
Rearraneemnt of worksheet 
A macro program (internal programmable language within Excel software) was used 
to rearrange the data in the worksheet (example worksheet 2). This is explained in the 
following steps: 
1. Removes extraneous information from top of sheet. 
2. Separates specimen dimension data into individual cells, with their name in the 
preceeding cell. 
3. Converts width, thickness and gauge length data from inches to millimeters. 
4. Calculates cross-sectional area (thickness X width) in mm2 and m2. 
5. Names the data columns; raw data is in inches (displacement) and pounds (load). 
The data to be calculated has columns after this named millimeters, Newtons, strain 
and stress, signifying the calculation they will contain. 
6. The displacement data is then converted and the load data. 
7. The stress is calculated by dividing the load in Newtons by the cross-sectional area 
in m2. 
8. The data is filled down the columns until it has all been calculated. 
9. For stress/strain data to failure, the starting point of the test corresponds to the 
point at which load begins to continually rise from zero (or the nearest negative 
number), as the tissue was slightly slackened prior to commencement of the test 
(section 4.2.4). 
ABC DE F G 
1 VERSION 4.06j 
- 2 1992 , Sample 
3 Version : 4.06j Version date : 07/17/89 
4 Report file# : 24 Operator : sophia 
5 
6 X conversion : . 00131234 X A/D offset : . 0000 
7 Y conversion :'`""" "' ;"*"Y A/D offset : . 0000 
1 1-- 
9 - Sample rate : 5.00 Extensometer : 
_NO____ 10 0 Autostart ON A/D range : i 
11 __ _ Calib type : AUTOMATIC Geometry : RECTANGULAR 
12 Calib load : 224.8089 Calib extens : . 0000 
13 Temperature : 21 Humidity : 50 j 
14 
15 
Xhead speed : . 3937 Units type : UNKNOWN 
Test type : TENSILE # specimens :1 
16 
17 
18 
Bar type : astm Entry dimens : YES 
Break check : 10.00000 Thresh delay : 22.48098 
Load limit : 224.80890 Extens limit : 1.96850 
19 
2 mensions Sample di 
21 A: . 1969 B: . 
0276 C: . 1457 D: 1.1024 E: 
22 NO 
23 -------------- ------------------------------------- --- ------ ---------- 
24 Specimen #: 1 Test end status :6 
25 Maximum load : . 178 Max load point #: 939 
26 Max extens : . 208 Max extens pnt #: 
932 
- 27 ý 
28 57 Number of elements :1 8 
29 _ _ TU- 
30 ASpecim 9 dimensions . 1968504 B: . 0275591 C: . 1456 693 D: 1023620 E: 
32 NO T T 
33 
34 
35 Auxiliary Input Array #1 
36 
37 Auxiliary Input Array #2 
38 ... *......... + ....................... *.. *... *ý *:.... ý *. 
39 L- 
- 40 --------------------------------------------------- ------------------ -- I 
41 
42 1 0.0018271 -0.00022 
43 2 0.003016x 0 . 004553; 
44 3 0.0043271 0.00305 } 
45 4 0.005654 t 0.00162 
46 5 0.006961,0.004366? 
47 6 0. -0082761 -0.00293 
48 7' 0.009575'1 0.000422 
49 8 0.010894' -0.00137 ' 
50 9 0.012209 0.000615 
51 10 0.013528 -0.00338+ 
52 11 0.014819 -0.00184' 
WORK SHEET 1 
zýc 
A6C DE F GNI 
1 Specimen dimensions : 
--- 2 
3 
A: 0.19691 B: , 
width 5thicknes 
- 0.02761 C: 
0.7 g. length ý 
0.15 D: 
3.7', 
1.1024 1 E: I 
28 
4 
--- mm m 
± ti 
6 width 0.005 i 
7 it hicknes 0.71 0.0007 
8 C 5A 3.5 3.50E-06 
9 , g. I 3.7! 0.0037 
10 i ; 
11 - -- inches lbs mm ;N Strain Stress Pa 1 ý-- 
--_-ý----j 12 1'0.00181- -2E-04 
_ 
0.04641 -0.00099 -36.251 -0.28: 
13 0.00 0461 2I 0.07661 0.0202527 35.74; 5.79 
14 3 0.00431 -0.003 0.10991 -0.01356 35.17 -3.87! 
15 41 0.0057! -0.002 0.14361 -0.007211, -34.6 -2.06, 
16 5 0.007 0.00441 0.17681 0.01942 -34.03 5.55 , 
17 
18 
6 0.0083 
71 0.0096 
-0.003 , 0.0004' 
0.210T -0.01301 
0.24321 
. 
0.001877, 
-33.46' 
-32.9 
3.72.1 
0.54 
19 
20 
8 0.0109 -0.0011 0.27671 -0.00609 
9 0.01? 2 0.00061 0.3101 0.002736 
- 
-32.33 _1_74 
-31.76 0.78: 
21 . 0135; -0.0031 101 
6 0.3436 -0.01502 -31.19 -4.29 
#I I 
// 
--- 
937 
938 
926 
-- --+ 927 
ý 
0.1883 
_-- 0.1896 
0.0043 
0.0125 
4.78331' 
-t-- 4.8166; 
- ---ý 
0.018975, 
----1-- 0.055751 
44.35 5.42' 
---- 44.92; 15.93' 
- -_ 
. _.. _---- 
939 9281 0.1909 0.023 1 4.84991 0.102371 ; 45.49! - 29.25 --t- 
940 929 0.1923 0.0336 14 832 0.149297 ! 46.05 42.66i 
941 
942 
930 
931 
0.1936 
0.1949 
0.0369 
1'0.0388 
4.91671 
1 4.95 ! 
0.1641311 
0.172382- 
46.621 46.89i 
_ 47.191 49.25 time n ýorm str 
943 - 932+ 0.2079 1 0.1452 5.2807 -- 0.645672; ----- 52.82j 
-ýý- 
- 184.48! 1_. 
_0_00 944 
945 
933 
934 
0.2073 
0.2072 
0.1756 
0.13861 
5.26571 
5.2631 
0.7811581 
0.616404ý- 
52.56 
52.52 
223.19! 
176.121 
0.211 1.210 
0.4 0.955 
946 9 2072, 0.1628 5.262_9 0.7242681 
- 
52.511 206.93 0.6' 1.122 
947 936 I 
0.2072 0.1198 5.26261 0.532692ý 52.511 152.21 0 0.825 
948 937 0.2072 0.17451 5.2626j 0.776132 52.51 1 221.75' 1 1.202 
949 938'ý 0.20721 0.11681 5.2626 0.5196151 52.51 148.46 1.2! 0.805 
950 939I 0.2072! 0.1777, 5.2626? 0.7904541 52.5t ! 225.84 1.4- ! 1.224 
951 940i 0.2072i 0.11191 5.2626', 0.497687; ' 52.51 142.2, 1.6' 0.771 
952 
953 
9411 
942; 
0.2072! 
0.2072 
0.1765i 
0.11231 
5.26261 
5.2626I 
0.78485' 52.51 224.24 1.8i 1.216 
0.499332' 52.511 142.67; - 2ý- 0.773 
954 9431 0.2072 ý 0.1699! 5.2626 0.75576i 52.51; 215.93 2.2 i 1.171 
955 944' 0.20721 -- 0.1128! ------r 5.2626 ý -------- 0.501912! --- 52.51, 
- 
------- 143.4 
- 
---------- 2.4i 0.777 
956 945 0.2072 
-- 
0.1618 5.2626 ý 
-- --- a 
0.719864 
-- 
, 52.51 ----- 205 . 68' 
-- 2.61 1.115 
9571.1 946 0.20721 0.11741 5.26261 0.522284; 52.51; 149.22 2.8' 0.809 
Time = Seconds 
Norm. Str. = Normalised stress 
WORK SHEET 2 
1 
ý 
I 
241 
2 
3 
i-- 
! mm m 
i ý 
7 
9 
10 
11 
12 
13 
14 
15 
16 
55 
56 
57 
58 
1 59 
11 60 ý 66 
I- 
i ý, I 
611 
68 
78 
79 
80 
81 
82 
94 
AI B 
Specimen 954 
A: 
__ width 
0.19685 , B: 1 
0.02756, C: 
IýLoI 
51 thickness i 0.7 ! g. Iength 
ý 
width, 5 0.005 
thicknes; 0.7 1 0.0007' 
csa i 3.500011 3.50E-06i 
6.25 1 0.006 5 
ý---ý , ýýi 
I 
28 
inches lbs ; mm N ! Strain (°, ý) I Stress()t 
0.003; 0.00-0.083' 0.0081 2.34'-T 
0.005 -0.002 l! 0.117 ; -0.009 
I 
0.25 1 D: 
6.25, 
-2 . 56 0.006I -0.0031 0.150 -0.0141 -24.110i -3.86 - ---- -- :, -- --- 0.007 -0.0041 0.183' -0.020i -5.68 i 
0.009^ 0.000! 0.217! -0.002! -0.451 
0.060 0.004 1.517; 0.019 5.3,6 1 
--i ---- --r- 0.061 0.000i 1.550 0.002ý 0.000 0.45'iG. u,; 8214ý Eýcw 
, - 
- 
0.062' 0.0041 1.583 8 0.420 I 5.21 
0.064 ý 0.004 1.617I 0.0201 0.8501 5. t-- 
0.065 0.0081 1.650' 0.0351 1.2809.96; 
0.066~ 0.007I 1.683 0.0301 1.71Ö 8 
0.074,0.021 1 1.884; 0.0951 4.2701 27.08i 
0.075J 0.0251 1.917! 0.1111 4.7001 31.69 1 
0.077' 0.0331 1,950 0.1471 5.1201 42.1 'ý S 7lt S 
0.090 1 0.1 191 2.283 0.528 9.400 150.84' 
--- 0.091 0.1381 2.317; 0.616ý 9.820ý 175.951 ý 
----- - -ý--- --ý--- ----ý--- 0.093 0.158 2.3501 0.703! 10.250 200.92ý'rR l-a-' +'STN 100' 
0.094,0.175 I 2.383 0.780! 10.6.80 ý 222.88 ý 
-0.095! 0.204 2.417 0.906' 11.110 8.78'T 
aý 
I 
i i 
ý 
0.111,0.5891 2.817! 2.620i 16.24011 748.521 -ý--- 
_ý 
ý--t 
_-r--ý - -- r------ý 951 0.112! 0.627ý 2.850! 2. /ööi 16.6601 796.69'' 
ý-- -- -- --ý 96 
_ 
0.1 14 1 0.659 1 2.8831 2.932 17.090! 837.61 
97 1 0.115" 0.696 1 2.917 ! 3.0961 17.520 I 884.631 i 
^_. ___ rýf-ý 
98 0.116: 0.730 ý 2.9501 3.246'i 17.950 i 927.331 
99 0.1 17' 0.763,2.9831 3.392ý 18.3701 969.15! 
ý 
100 0.1 19 '' 0.802 ý 3.017 3.566 18.800 1018.84 10, ý 244 ' ýý pp' - __.. 
'---ý__- ----, -_ ýý __ ý-_. 101 
102 
U. 11U U. ö: ý: s1 ; i. USU 3. /U3,19.23U1 1 U5ö. U4'ý 
0.121_ 
' 
0.8723.083ý-3.880 19.650! 1108.5' -'ý 
! 125 0.152: 1.6311 
126 0.153 1.660; 
127 0.154 1.687'128 
0.156 1.710 
129 0.157 1.740 
126 
% 
ý 
127 
128 
129 
3.850 7.256,29.480 1 2073.27' 
3.884' 7.38429.9201 2109.62': ' S'i R 3Q ý 
3.917 
. 
7.504: 30.3401 2143.93 I 
3.9 7.604 2172.65'--------1- 
-- ---, ---- 3.983 7.738; 31.190,2210.78, 
r 
157 0.194 
ý 
2.364 4.917' 10.514 3_ 003.92' 43.1601 
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4 0.2 ; 1.004 1.03 
5 0.4; 0.9951 0.97 
6 0.6i 0.9901 0.93 
7 
8 
0.8 1.004 
11 0.976; 
1.03 
0.84 
9 1.21 0.956; 0.71 
10 1.41 0.9591 0.73 
11 1.6i 0.974; 0.83 
12 1.8' 0.9701 0.80 
I 899 0.849 -0.01 179.2 '. 
--- _ --- ____ ----- 900 __ -_ _ i - _ _ --- 179.41 0.836' -0.09 
901 179.6 
, 
0.777 -0.48 
902 179.8 ý 0.713 -0.91 
903 1801 0.650 -1.33 
904 
905 av 0.8 50 1 Gradient -0.1714 
906 last secs 30 i Intercept 0.862319 
907 %loss 15.01689 alpha 5.83 
908 %loss av 21.95177 X 5.03 
909 %Ioss +/ - 6.424767 ! theta2' 272.62 
910 theta 1; 0.80 
911 k* ý- 0.03 
912 
913 
} 914 --------- -------}----- --_ ----- 
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10. Strain must be zero at this point. As the displacement had already begun, the true 
initial gauge length was that value plus the measured value. Hence the percentage 
strain was calculated as; 
Strain = (((D+G)-(Do+G))/Do+G))* 100 
where D= displacement (mm)[Column C], G= original gauge length (mm)[Cell D9], 
Do= displacement at zero stress [in example worksheet, Cell E56]. 
Data calculation 
The data were plotted on graphs prior to the calculations, enabling an overview of the 
data to be gained (Graph 1). 
The independent variables (chapter 4) from the data were then calculated (worksheet 
2): 
1. The lower and upper moduli were calculated using the linest formula in Excel. This 
provided the gradient, intercept on the y-axis, regression coefficient for the line and 
various other unused statistical data. The gradient was divided by 10 to derive the 
correct value). Linest uses the least squares method for approximating the best fit 
straight he through the selected data. 
2. The stresses at or nearest to in ascending order, strains of 5,10,20 and 30%, were 
noted. 
3. The strains at or nearest to in ascending order, stresses of 200kPa were noted. 
4. The stress after which a dramatic loss in stress was observed was considered to be 
the failure stress. 
Stress relaxation data 
1. The same Excel macro was used to prepare the sheets (Worksheet 3). 
2. These files contained the cycling data followed by the stress relaxation data, so the 
start of the stress relaxation data was found by the point at which extension was 
held [Cell F943]. 
3. As a continuous measure of time was not monitored, but the sampling rate was 
known (1 point per 0.2 seconds), the time component was calculated [Column I-I]. 
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4. The normalised stress was calculated as the stress divided by the first stress on the 
sample being held [Column I]. 
5. The nautral log of the time was calculated in the adjacent column. 
6. The gradient and intercept for the normalised stress versus the natural log of time 
was calculated using the Linest function. 
Graph 2 displays an example of the data derived from worksheet 3. 
Calculation of Stress relaxation model data 
The data was calculated in the method described by Sauren (1981)(section 3.5). An 
example of part of the calculation worksheet is included below (worksheet 4). H(E) 
was calculated using the equations in chapter 3 and gradients and intercepts were 
calculated using the Linest function in Excel. 
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0.0. # It is not so deep as a wed, nor so wide as a church-door; 
but 't is enough, It will serve; 
(Shakespeare. Romeo & Juliet, Act 3, Scene 1, Line 110. ) 
Erratum 
Page 7 insert 
Table 21: Statistical analysis of selected relaxation parameters calculated for treated 
porcine aortic specimens ..................................................................... 112a 
Page 50 final bullet should read. -- 
e undertake tests over a three month period (usually the valves are used by then). 
Page 57 third paragraph second bullet should read. -- 
It enabled correction of the Instron readings to the real length of the specimen. 
Page 68 paragraph 2 line 7 should read. -- 
... variance 
(explained, mean square in the MANOVA results, see Table 12, Chapter 5) 
may be split to... 
Page 68 paragraph 4 line 9 should read: - 
.. within groups variance (table 13, Chapter 5). 
Page 73 line 4 should read: - 
For example the curve second from left in figure 24... 
Pages 75 and 76 are in the wrong order (i. e. figures 26 and 27 have been inserted 
incorrectly). 
Page 112 paragraph 2 line 5 onwards should read. -- 
... 
being significantly smaller (t = 4.57, p <0.001, df =l l)(see table 21). This meant 
that circumferentially antibiotic specimens relaxed faster than fresh tissues. In the radial 
direction no significant difference was found between the relaxation parameters for 
antibiotic and fresh radial specimens (table 21). The relaxation curves for 
cryopreserved specimens... 
Page 113 point 5 should read. -- 
Circumferential antibiotic treated tissues experienced a lowering of upper modulus and 
by month three relaxed significantly less than fresh tissues. Radially they showed a 
tendency to relax more, but this was not significant. 
Page 126 paragraph 3 line 4 should read: - 
These changes were only significant after three months in the circumferential direction, 
hence with ... 
Page 129 paragraph 4 line 1 should read: - 
The anisotropic response in leaflets due to specimen direction remains in 
glutaraldehyde treated specimens, although ... 
Page 135 Footnote 7 should read:: - 
The apparatus was based on a design specification written by the author. 
Addendum 
Page 121 after paragraph I insert: - 
Uniaxial tests assume that the specimen has uniform thickness which is not true for 
leaflet specimens (see page 23). As stress in a specimen is calculated as the force 
acting over unit cross-sectional area (equation 2, chapter 3), thickness measurement is 
therefore critical for accurate mechanical analysis. The greatest thickness of a specimen 
over its entire width was measured with Vernier calipers as a repeatable measure of 
sample thickness. These values compared favourably to more elaborate measurements 
with a binocular microscope where the specimen was mounted between two wooden 
blocks. For radial specimens this was adequate as the test area of the specimens 
outside the clamps was relatively uniform (see figures 6 and 15, chapters 2 and 3 
respectively). The same was not true of circumferential specimens where the collagen 
bundles were thicker than the areas between. However as failure of these specimens 
originates in the collagen bundles which are the main load bearing components in this 
direction, it was felt that the assumption of this greater thickness across the specimen 
was justified. 
It is important to note that the greater variations in human thickness measurements, 
especially or aortic specimens, arise from the presence of atheroma and calcium 
deposits in the tissue. Also as the age of the donor increases one might expect to see 
natural thickening of the leaflets. 
Future whole valve tests must use detailed thickness measurements across the surface 
of the leaflet if realistic mechanical data is to be obtained. 
Addendum 
Page 264 end of point I insert: - 
The lower modulus was calculated between zero and 5%. The upper modulus was 
calculated over the steepest portion of the upper part of the stress/strain curve. When 
tangents at 200kPa were taken to calculate upper modulus the variation in data from 
one group of specimens to another was large, for example many of the radial 
specimens did not achieve these stresses (see stress/strain curve for fresh human 
pulmonary radial specimens, Appendix III page 171. 
